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I. INTRODUCTION
Bovine tuberculosis (bovine TB) is a chronic disease which can affect almost all 
mammals, whereby the infection of cattle, wild animals and humans is of greatest 
importance. As a compulsorily notifiable disease it is listed in the World 
Organisation for Animal Health (OIE) Terrestrial Health Code (Anonymous, 
2017b). Due to negative consequences on trade of animals, animal products and its 
zoonotic character it concerns public health, international trade and is a significant 
economic burden (Cousins, D. V., 2001; Thoen, C. O. et al., 2006). As a result the 
control of bovine TB with stringent test and slaughter regimes is an ambition all 
over the world. In Europe the success with such control programs is achieved by 
reaching the "Officially Bovine Tuberculosis-Free (OTF) Status". This status is 
defined in the European Union (EU) law and is reached if not more than 0.01% of 
cattle farms have been diagnosed bovine TB positive during the last six years and 
99.9% of cattle farms were officially bovine TB free during the last 10 years
1
. 
Within test and slaughter regimes herds or animals at risk are tested with ante 
mortem tests like the intradermal tuberculin test or the Bovigam® assay. Animals 
being tested positive are culled and confirmation of disease is done post mortem 
with pathological examinations, polymerase chain reaction and bacteriological 
examination. The proper execution of the diagnostic tests and high test accuracies 
are essential for the success of such control programs (Humblet, M.-F. et al., 2011; 
Schiller, I. et al., 2010a).  
Since Germany received the status OTF in 1996 the further perpetuation of this 
status is important for international trade and public health. Bovine TB cases that 
were found during routine abattoir inspection lead to the implementation of a one-
time bovine TB control program in Germany in 2012. During this control program 
discrepancies in the right execution of the intradermal tuberculin tests led to 
discussions between stakeholders (Anonymous, 2013; 2014; 2015) and a legal 
dispute
1
. The objective of the first study was therefore to review farm-animal 
practitioners' current knowledge on execution of the intradermal tuberculin tests in 
comparison to current and former legislation and literature. Furthermore, persons 
involved in the bovine TB control program noticed discrepancies between the 
1
 97/76/EC: Commission Decision of 17 December 1996 laying down the methods of control for 
maintaining the officially tuberculosis free status of bovine herds in certain Member States and 
regions of Member States  
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results of the Bovigam® assay and the pathological findings. Hence the objective 
of the second study was the estimation of sensitivities and specificities from the 
tests used within the one-time bovine TB control program in the Allgäu Region. 
As for bovine TB a perfect reference test is missing the test characteristics were 
assessed with a latent class analysis within a Bayesian approach. Both studies 
review on the tests performed within the one-time bovine TB surveillance program 




2 VGH München, Beschluss v. 03.07.2014 – 20 CS 14.1032 
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II. LITERATURE OVERVIEW
1. Tuberculosis
Since centuries tuberculosis (TB) is known as an infectious disease that occurs in 
humans and vertebrates all over the world (Cambau, E. et al., 2014; Sattelmair, H., 
2005). In humans it is the most common cause of death world-wide among 
adolescents and adults. In the year 2015 there were approximately 10.4 
Million new human TB cases and 1.4 Million human TB-patients died 
(Anonymous, 2016b). Bovine TB with cattle as its original host, is a major 
infectious disease which concerns public health, international trade and other 
areas of public and private interest in many countries of the world 
(Anonymous; Cousins, D. V., 2001). As a consequence there are strategies and 
control programs with the aim of reduction in humans and eradication in livestock 
(Anonymous, 2016b).  
1.1. The pathogen 
In the year 1882 ROBERT KOCH discovered the tubercle bacillus as the 
infectious agent of tuberculosis. It was first called Bacterium tuberculosis until 
LEHMANN and NEUMANN suggested to name the agent 
Mycobacterium tuberculosis and to include this species together with the leprosy 
bacillus into the new genus Mycobacterium (Sewpersadh, M., 2012). This genus 
was placed in its own family of Mycobacteriaceae in the order Actinomycetales 
(Rastogi, N. et al., 2001). Today there are four conditions for a bacterium to be 
included in the genus Mycobacterium. These are acid-alcohol fastness, presence of 
mycolic acids containing 60-90 carbons which can be cleaved by pyrolysis to C22-
C26 fatty methyl esters and containing Guanin and Cytosin to 61-71 mol% in the 
DNA (Shinnick, T. M. et al., 1994). 
Mycobacteria can be subdivided into pathogenic, facultative pathogenic and non 
pathogenic also called saprophytic species. Furthermore, they can be distributed 
into slow growing (mostly pathogenic) and fast growing (mostly nonpathogenic) 
mycobacteria. Some slow growing species have the additional distinctive feature 
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to build carotinoid pigments. Those building the pigment under light are called 
photochromogens and classified to Runyon group I. The scotochromogens build 
the pigment in the dark and belong to the Runyon group II. The species that are not 
able to build pigments and are also slow growing are called nonphotochromogens 
(Runyon group III). Some authors distribute the fast growers to Runyon group IV 
(Koch, O. et al., 2012; Rolle, M. et al., 2011; Shinnick, T. M. et al., 1994). 
The agents that are pathogenic and causing tuberculosis in humans and animals are 
summarized into the Mycobacterium tuberculosis complex. 
1.2. Bovine tuberculosis 
Bovine TB, which is primarily caused by Mycobacterium bovis (M. bovis) and to a 
lesser extent by Mycobacterium caprae (M. caprae), has been reported everywhere 
in the world, except of the Antarctica
3
 (Anonymous, 2017a; Skuce, R. A. et al., 
2011). Cattle is regarded as the original host. Nevertheless, infections with M bovis 
are reported in many other warm-blooded vertebrates, including humans. 
Furthermore, M. caprae, being first described in 1999, was until now isolated from 
goats, wild animals, sheep, pigs and humans in Europe (Aranaz, A. et al., 1999; 
Corner, L. A. L., 2006; Cousins, D. V., 2009; Grange, J. M. et al., 1994; Morris, R. 
S. et al., 1994; Prodinger, W. M. et al., 2002). Hence, bovine TB is found among
several domesticated and wildlife species with the latter known as reservoir for 
infections in domesticated animals (Corner, L. A. L., 2006; Morris, R. S. et al., 
1994; O'Reilly, L. M. et al., 1995).  
A horizontal transmission with the inhalation of infectious aerosols is the most 
frequent cause for spread of bovine TB. The infectious aerosols can be transmitted 
from nasal mucus of an infected animal or from infected dust particles in the 
environment. Beside the infection via the respiratory tract also a primary 
alimentary infection with contaminated feed, drinking water or, especially with 
calves, milk can occur. A secondary alimentary infection can be due to the 
swallowing of infected lung exudates. In addition congenital, cutaneous and 
genital transmissions are also reported (Cousins, D. V., 2001; Hofmann, W. et al., 
3 Verordnung über anzeigepflichtige Tierseuchen in der Fassung der Bekanntmachung vom 19. Juli 
2011 (BGBl. I S. 1404), die zuletzt durch Artikel 3 der Verordnung vom 3. Mai 2016 (BGBl. I S. 
1057) geändert worden ist 
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2005; Menzies, F. D. et al., 2000; Pritchard, D. G., 1988). In an infected herd the 
spread and occurrence of tuberculosis depends on how many animals are infected, 
how many young animals are exposed to the infected animals and what kind of 
interventions are done for isolation (Cousins, D. V., 2001). 
By means of a strict test-and- slaughter policy Australia, some Caribbean islands 
(including Cuba) and some parts of South America have successfully eradicated 
bovine TB (Skuce, R. A. et al., 2011). The wildlife reservoir is a serious problem 
in control and eradication of bovine TB in cattle though (Corner, L. A. L., 2006; 
Michel, A. L. et al., 2010). Eradication can only be successful if the transmission 
between wildlife and domestic animals is controlled, combined with a strict and 
effective test-and slaughter program and movement regulations among cattle 
(Cowie, C. E. et al., 2015; Schiller, I. et al., 2010a). 
1.2.1. Eradication of bovine TB in Germany 
After the Second World War the control of bovine TB in Germany was one of the 
most important veterinary tasks. In the year 1952 a voluntary program was started 
with the Bang's method. This method is based on the following principals: 
intradermal tuberculin testing of all cattle, separating the reactor cattle from the 
non-reactor cattle, eradication of the positive animals, the breeding of tuberculosis 
free young stock and recurring intradermal tuberculin testing in frequent intervals 
(Bisping, W., 1998). With this program the bovine TB free farms increased to 
99,7% until 1961 and on first of July 1996 Germany received the status OTF
1
 
(Bisping, W., 1998; Hunermund, G. et al., 2006). For this reason the nationwide 
regularly intradermal tuberculin testing was completed and replaced with the 
official meat inspection at the abattoir (Köhler, H. et al., 2012; Rolle, M. et al., 
2011). The number of farms officially diagnosed as infected with bovine TB was 
between two and ten farms in the years 1999 to 2006 (0,001 % -0,008 %) based on 
the epizootic report of the Federal Ministry for Food, Agriculture and Consumer 
Protection and on the animal health annual report of the Friedrich-Loeffler-
Institute (FLI) from 1999 until 2012. Between 1997 and 2007 nearly half (43%) of 
all bovine TB outbreaks in Germany were confirmed in Bavaria and 
predominantly caused by M. caprae. Out of these 43% bovine TB cases nearly two 
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thirds (65%) occurred in the Allgäu Region (Gerstmair, E.-M., 2011; Homeier-
Bachmann, T. et al., 2016). Due to this regional accumulation and a slight increase 
with 12 officially confirmed farms in 2007 a one-time tuberculosis surveillance 
program was implemented from October 2007 until March 2009 with a total of 
187.000 tested cattle (Anonymous, 2009b; Gerstmair, E.-M., 2011). In the 
following years the number of confirmed bovine TB cases went down and hit rock 
bottom in 2011 with five confirmed bovine TB cases. However, already in the 
following year there was an increase of 23 bovine TB cases which led to the 
implementation of another one-time tuberculosis surveillance program starting in 
November 2012 in the district Oberallgäu and being extended to all regions along 
the Alps (Anonymous; Homeier-Bachmann, T. et al., 2016; Zellner, G., 2013). 
Within this surveillance program the number of confirmed bovine TB cases 
increased to 46 in the year 2013 and decreased to 13 in the year 2014, 12 in the 
year 2015 and two in 2016 (Anonymous; Homeier-Bachmann, T. et al., 2016). The 
bovine TB cases that occurred along the Alps were predominantly caused by three 
different molecular types of M. caprae (Domogalla, J. et al., 2013; Moser, I. et al., 
2014).  
2. Diagnosis of bovine tuberculosis
As an infection of bovine TB is often subclinical, the clinical signs are not 
characteristically and can include emaciation, weakness, anorexia, dyspnoea, 
enlargement of lymph nodes and cough. For the diagnosis in the living animal two 
diagnostic methods are available, the intradermal tuberculin tests and the IFN 
gamma assay (Rolle, M. et al., 2011). Both base on the delayed type 
hypersensitivity response (Jungi, T. W., 2000).  
Post mortem diagnosis is based on pathological, histopathological, and 
bacteriological examination. This includes microscopic examination to find acid 
fast bacilli, polymerase chain reaction (PCR) and bacteriological culture with 
subsequent cultural and biochemical tests to identify the agent (Cousins, D. V., 
2009).  
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2.1. Ante-mortem tests 
2.1.1. Intradermal tuberculin test 
The intradermal tuberculin test is worldwide the standard method for detection of 
tuberculosis and is the required test for international trade (Cousins, D. V., 2009). 
Two types of tuberculin tests can be distinguished: the single intradermal cervical 
tuberculin (SICT) test and the single intradermal comparative cervical tuberculin 
(SICCT) test. The SICT test involves only the intradermal application of bovine 
purified protein derivate (bovine PPD), whereby with the SICCT test there is an 
additional intradermal injection of avian purified protein derivate (avian PPD) 
(Monaghan, M. L. et al., 1994). 
 
2.1.1.1. Single intradermal tuberculin test 
When using the SICT test 0,1 ml of bovine PPD is injected intradermally either 
about 7 cm distal of the base of the tail (caudal fold test) or between the anterior 
and middle thirds of the neck. The caudal fold test is carried out in North America, 
New Zealand and Australia. In Europe the SICT test is performed at the neck. The 
interpretation of the test results is carried out 72 hours after the injection of 
tuberculin. At the caudal fold site any palpable or visible variation is considered to 
be positive or inconclusive. The interpretation of the tuberculin test at the skin of 
the neck is based on clinical observations and recording of increase in skin 
thickness. A positive result is based on clinical signs such as diffuse or extensive 
oedema, exudation, necrosis, pain or inflammation of the lymphatic ducts or 
lymph nodes in that region or if the increase in skin thickness is more than 4 mm. 
The animal is classified as suspect, if none of the clinical signs, that are mentioned 
above, are present and if the increase of skin thickness ranges between 2 and 4 
mm. A negative result is ascertained if no clinical signs are present and the 
increase of skin thickness is lower than 2 mm
4
 (Cousins, D. V., 2009; Monaghan, 
M. L. et al., 1994). 
As only bovine PPD is used within the SICT test, false positive reactions can occur 
                                               
4
 Commission Regulation (EC) No 1226/2002 of 8 July 2002 amending Annex B to Council 
Directive 64/432/EEC 
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if the animal is infected with other mycobacteria. In particular infections with 
Mycobacterium avium subspecies avium and M. avium subspecies 
paratuberculosis can lead to such false positive reactions and can increase the rate 
of false positive detected animals (de la Rua-Domenech, R. et al., 2006; Francis, J. 
et al., 1978; Rolle, M. et al., 2011). 
2.1.1.2. Comparative cervical tuberculin test 
For the SICCT test avian PPD and bovine PPD are both injected at different sites 
of the neck. The injection site of bovine PPD should be 12.5 cm apart from the 
injection site of the avian PPD or on the other side of the neck
4
 (Cousins, D. V., 
2009; Monaghan, M. L. et al., 1994). The animal is distinguished as reactor if the 
increasing of skin thickness at reaction site of the bovine PPD is more than 4 mm 
greater than that of the avian PPD, or clinical signs, as already mentioned for the 
interpretation of the SICT test, are present. An inconclusive reaction is evident in 
cases where the increase of skin thickness on the bovine site was between 2 and 4 
mm in comparison to the avian site. A negative reaction is less than 2 mm and 
without any clinical signs
4
. With the injection of avian PPD false positive reactions 
resulting from the infection with other mycobacteria are clarified (Rolle, M. et al., 
2011). 
2.1.2. Bovigam® assay 
The Bovigam® assay is the alternative test for international trade and was invented 
in the year 1985. It is, like the intradermal tuberculin tests, also predicated on the 
cell mediated immune response (Cousins, D. V., 2009). The investigation of this in 
vitro test became possible with the availability of bovine cytokines and the 
development of sensitive biological assays (Wood, P. R. et al., 2001). 
For the Bovigam® assay fresh blood is incubated with avian PPD and bovine PPD 
for 16-24 hours. Within this time frame sensitized lymphocytes will release 
interferon-gamma (IFN-gamma). Pokeweed Mitogen serves as 
immunocompetence control and phosphate buffer saline as negative control. The 
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IFN-gamma production is determined with the sandwich enzyme immunoassay 
(EIA) method. The sample is declared as positive if the PPD-bovine stimulated 
blood produces more IFN-gamma than the PPD-avian stimulated blood and the 
negative control. False positive results are detected if the IFN-gamma level of the 
PPD-avian stimulated blood is higher compared to the PPD-bovine stimulated 
blood and the negative control. A negative result is declared as negative if the 
immunocompetence control gave a positive result (Faye, S. et al., 2011; Gerstmair, 
E.-M., 2011; Wood, P. R. et al., 2001). 
2.2. Post-mortem tests 
2.2.1. Necropsy 
During necropsy the carcass and its organs are examined for macroscopic lesions. 
Most of the lesions can be found in the lymph nodes of the head, the mediastinal 
lymph nodes and the bronchial lymph nodes (Corner, L. A., 1994). However a 
more detailed examination leads to a significant higher chance to detect infected 
animals than during a routine abattoir inspection and includes the examination of a 
wide range of lymph nodes from the head, thorax, abdomen and carcass, the 
tonsils, lungs, liver, spleen, kidneys, udder or scrotal contents and seminal vessels 
(Corner, L. A., 1994; Corner, L. A. et al., 1990). The diagnosis of bovine TB with 
necropsy contains the risk of infected cattle diagnosed as negative due to the 
problem of non-visible lesions (NVL). The reasons for this NVL are variable, as 
lesions might be present, but they are too small to be visually discovered or the 
lesions are just not detected (Corner, L. A., 1994). With a detailed necropsy the 
possibility of NVL can be reduced. 
2.2.2. Polymerase chain reaction 
In the early 1990ths the polymerase chain reaction (PCR) was developed to 
identify members of the M. tuberculosis complex. Since then different target 
sequences were found to detect and specify different mycobacteria. Wards et al. 
found that the insertion sequence IS 1081 has a high sensitivity for M. bovis 
II. Literature Overview  10 
(Wards, B. J. et al., 1995). Rodriguez et al. detected a helicase gene to distinguish 
between M. bovis and M. tuberculosis, M. avium and M. paratuberculosis 
(Rodríguez, J. G. et al., 1999; Rodriguez, J. G. et al., 1995). The Official 
Collection of Methods recommend therefore a real time PCR for the detection of 
the hypothetical helicase and of the IS 1081 for the evidence of bovine TB 
(Anonymous, 2017d). The sample is interpreted as positive for bovine TB if both 
target genes are amplified. Weak PCR signals or the detection of only one target 
sequence leads to an inconclusive test result (Gerstmair, E.-M., 2011). For the 
distinction between M. bovis and M. caprae a multiplex real-time PCR assay can 
be used, with the lepA gene as target sequence (Reddington, K. et al., 2011). The 
tissues to be examined are the retropharyngeal lymph nodes, parts of the lungs, the 
intestine, the liver, the spleen, the kidneys and their belonging lymph nodes
5. 
2.2.3. Culture 
For the bacteriological examination the same tissue samples should be examined 
as already recommended for the PCR
6
 . According to the Official Collection of 
Methods the samples are inoculated on two solid and one liquid media and 
aerobically incubated for 6 to 8 weeks, at 37°C. Grown colonies are examined for 
acid fast bacilli with Ziehl-Neelsen stain and further identified with PCR. 
3. Estimating test accuracy
For the correct interpretation of test results the estimated test characteristics play 
an important role. These test characteristics are the sensitivity and specificity of 
the given tests. 
5 Tuberkulose-Verordnung in der Fassung der Bekanntmachung vom 12. Juli 2013 
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3.1. Sensitivity and specificity 
The accuracy of a test is given as sensitivity and specificity and can be used for 
validation (Dohoo, I. et al., 2009). One can distinguish between analytical and 
diagnostic accuracy. The analytic sensitivity and specificity describes the 
repeatability and resilience of the assay performed under laboratory conditions and 
in a population with known disease status. With diagnostic sensitivity and 
specificity the ability of the assay is meant, to diagnose all truly diseased from non 
diseased in a population where the true disease status is unknown (Rabenau, H. F. 
et al., 2007). The sensitivity is the proportion of individuals that were tested 
positive and can be found under all diseased patients. As a question it can 
formulated as: "How likely is it, that an infected patient has a positive test result?". 
The formula is written as P(T+|D+). The proportion of test negative individuals 
which can be found under all healthy patients is the specificity. The formula is: 
P(T-|D-). With increasing specificity the sensitivity decreases or vice versa 
(Brenner, H. et al., 1997). 
It is often assumed, that sensitivity and specificity are constant values. However 
they vary with external factors and are not universally applicable (Berkvens, D. et 
al., 2006; Brenner, H. et al., 1997). This can also be seen in a research of de la 
Rua-Domenech et al. where several estimated values for test sensitivities and 
specificities of the SICT test, the SICCT test and the Bovigam® assay are listed 
from different studies (de la Rua-Domenech, R. et al., 2006). For the SICT test the 
estimated values for the sensitivity ranges between 63.2% and 100% and for the 
specificity between 75.5% and 99.0%. For the SICCT test it varies between 52.0% 
to 100% (sensitivity) and 88.8% to 100% (specificity). The range of the 
Bovigam® assay was 73.0% to 100% for the sensitivity and 87.7% to 99.6% for 
the specificity. The studies differ according to the concentration of PPD, the 
apparent prevalence, test interpretation and the injection site for the intradermal 
tuberculin tests (de la Rua-Domenech, R. et al., 2006). Another study evaluated the 
sensitivities and specificities of the SICT test and the Bovigam® assay for 
standard and severe interpretation for the SICT test and differing cut-off values for 
the Bovigam® assay. There sensitivities between 53.0% and 83.9% were 
estimated for the SICT test. For the Bovigam® assay the lowest stated sensitivity 
was 83.1%, the highest 92%. The estimated specificity for the SICT test was 
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between 95% and 99.7%. For the Bovigam® assay specificities of 85.7% up to 
98% were estimated (Álvarez, J. et al., 2012). For the intradermal tuberculin test it 
is reported that anti-inflammatory treatment previous to the intradermal tuberculin 
test or an infection with Fasciola hepatica (F. hepatica) could alter the test results 
and influences therefore the test characteristics (Claridge, J. et al., 2012; Doherty, 
M. L. et al., 1995; Flynn, R., J. et al., 2007).
The test characteristics for necropsy differ with the accuracy of the performed 
examination (Corner, L. A., 1994). Norby et al. evaluated a sensitivity for 
necropsy of 86.05% with lesions in only one lymph node. This sensitivity 
increased to 100% if lesions in two or more lymph nodes were detected. The 
examination was conducted by a pathologist in the Diagnostic Center for 
Population and Animal Health of Michigan State University. With the incidence 
on non visible lesions (NVL) infected cattle could be diagnosed as not infected 
which has an effect on the sensitivity (Norby, B. et al., 2004). 
For the real time PCR with the target genes hypothetical helicase and IS 1081 
sensitivities between 59% to 68% and specificities between 75% to 99% are 
reported, depending if the reference test was the bacterial culture or the 
pathological examination (Gerstmair, E.-M., 2011). In another study, with the 
bacteriological culture as reference test, the PCR reached a sensitivity of 72.5% 
and a specificity of 100% (Köhler, H. et al., 2013). For a real time PCR with the 
target gene IS 6110 a sensitivity of 90.9% and a specificity of 99.8% was 
estimated without a gold standard as reference test (Courcoul, A. et al., 2014). 
The bacterial culture is still regarded as the gold standard for the diagnosis of 
bovine TB (Cousins, D. V., 2009). However several factors can influence the 
sensitivity of the culture as number of examined tissues, number of mycobacteria 
present in the examined tissue and cross contamination (Strain, S. A. J. et al., 
2011a; Strain, S. A. J. et al., 2011b). Therefore, one can only assume a 100% 
specificity. In a recent study the sensitivity of the bacterial culture was estimated 
with 79.2% (Courcoul, A. et al., 2014). Hence the culture cannot be assumed as a 
true gold standard with having 100% specificity and 100% sensitivity. If test 
characteristics are estimated with bacterial culture as gold standard this can lead to 
misclassified bias and therefore to over- or underestimating of the prevalence, 
sensitivity and specificity (de la Rua-Domenech, R. et al., 2006; Hartnack, S. et al., 
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2012; Strain, S. A. J. et al., 2011b). 
3.2. The latent class analysis theorem 
To estimate the sensitivity and specificity of a certain test often a gold standard is 
used as reference test (Bossuyt, P. M. et al., 2015). If no true gold standard is 
available a latent class approach can be used (Enøe, C. et al., 2000; Toft, N. et al., 
2005). "Latent class" refers to the fact, that the true disease state is always hidden 
(Walter, S. D. et al., 1988). This latent class approach is based on multiple tests 
performed on the same animals (Hartnack, S. et al., 2012).  
Hui and Walter were the first to describe an estimation of sensitivity, specificity 
and prevalence by applying two tests simultaneously on each animal of two 
populations with assuming conditional independence of both tests and different 
disease prevalence in both populations (Hui, S. L. et al., 1980). 
Where binomial test results and arbitrary number of test and populations (R and S) 
are given, there are always R sensitivities, R specificities and S prevalences to be 
estimated. If the prevalence and the test characteristics vary for each population, 
the number of estimable parameters is S(2R
 
+ 1) and the degrees of freedom are 
S(2
R
 - 1) (Hui, S. et al., 1980; Hui, S. L. et al., 1998). Whenever S≥R/(2R-1-1) is 
fulfilled the model can be extended to R tests and S populations (Hui, S. et al., 
1980). For one population there are 2R + 1 estimable parameters and 2
R
 - 1 
degrees of freedom. As a result for one population there have to be at least three 
tests, with 7 degrees of freedom (Hui, S. L. et al., 1998; Walter, S. D. et al., 1988). 
The conditional dependence of tests should be included in the model as the test 
error rates can be substantially underestimated and the prevalence can be 
positively or negatively biased (Vacek, P. M., 1985). There are three methods of 
estimation and computational techniques to use the Hui-Walter model. The 
Newton-Raphson technique, the Expectation-Maximization (EM) algorithm and 
the Bayesian approach (Enøe, C. et al., 2000).  
3.2.1. Bayesian approach 
Thomas Bayes lived from 1702 to 1761 and was a reverend and ordained minister. 
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As he was educated privately by the French statistician Abrahma de Moivre he 
stayed interested in statistics and mathematics his whole life (Bolstad, W. M. et al., 
2007; Lesaffre, E. et al., 2007). Bayes' Theorem is based on an essay that was 
found after his death by Richard Price (Bayes, F. R. S. et al., 1763). It is thought, 
that Bayes was the first one to use probability theory inductively. He developed 
the mathematical basis for probability conclusion. All parameters involved in 
conclusions belong to one of the following kinds: 1. known, 2. unknown. The 
known parameters are accepted values, the unknown parameters are probability 
distributions, based on prior knowledge which reflects expert opinion (Lesaffre, E. 
et al., 2007). This expert opinion can be informative or even uninformative 
(Hartnack, S. et al., 2012). 
In the Standard Operating Procedure for OIE Registration of Diagnostic Kits, the 
Bayesian inference and latent class models are described for estimation of 
diagnostic sensitivities and specificities (Anonymous, 2012).  
3.3. Cohen's Kappa 
For the evaluation of two tests without a gold standard Cohen's kappa coefficient 
can be used. This coefficient can assess how well two tests agree with each other. 
Additional to the truly measured concordances the coincidental concordances are 
considered as well. A value <1 means that the concordances comply with the 
coincidental concordances. If the two tests agree in total Cohen's kappa will be 1 
(Dohoo, I. et al., 2009).  
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Zusammenfassung
Gegenstand und Ziel: Aufgrund vermehrter Tuberkuloseausbrüche in 
Rinderbeständen in der Region Allgäu in den letzten Jahren wurde die 
flächendeckende Tuberkulinisierung in dieser Region wieder aufgenom-
men. Ziel dieser Studie war es, einen Überblick über die aktuellen Kennt-
nisse der Nutztierpraktiker bezüglich der Technik des Tuberkulinisierens 
zu erhalten sowie basierend auf der aktuellen Gesetzeslage einen Leit-
faden zur Anwendung der Methode zu erstellen. Material und Metho-
den: Das Wissen und die Erfahrungen der Nutztierpraktiker zur aktuel-
len Tuberkulinisierung wurden mithilfe eines Fragebogens erfragt, ge-
sammelt und ausgewertet. Die Antworten der Tierärzte wurden mit der 
aktuellen und den vorherigen Fassungen des Anhangs B der Verordnung 
(EG) Nr. 1226/2002 der Kommission verglichen. Ergebnisse: An der Be-
fragung nahmen insgesamt 137 Tierärzte teil. Sieben Fragebögen waren 
nicht auswertbar, sodass die Antworten von 130 Tierärzten in die Aus-
wertung eingingen. Vierundvierzig dieser 130 Teilnehmer tuberkulini-
sierten zum Zeitpunkt der Befragung. Von 44 ausgefüllten Fragebögen 
der tuberkulinisierenden Teilnehmer konnten 42 in die abschließende 
Auswertung einfließen. Ein Großteil der Nutztierpraktiker nimmt die Tu-
berkulinisierung so vor, wie sie in der Verordnung (EG) Nr. 1226/2002 
der Kommission vom 8. Juli 2002 zur Änderung von Anhang B der Richt-
linie 64/432/EWG des Rates gefordert ist. Bei der Kontrolle der Ergebnis-
se weichen jedoch viele Praktiker von den Vorgaben in der Verordnung 
(EG) Nr. 1226/2002 ab. Die Tierärzte, die am stärksten davon abweichen, 
tuberkulinisieren ent weder nur einzelne Tiere oder nicht im stark betrof-
fenen Regierungsbezirk Schwaben. Schlussfolgerungen: In den beson-
ders von der Tuberkulose betroffenen Gebieten wird die Methode des 
Tuberkulini sierens von den im Rahmen dieser Studie befragten Tierärz-
ten nahezu so ausgeführt, wie es die Verordnung (EG) Nr. 1226/2002 
fordert. Beim Ablesen der Ergebnisse sollte allerdings ein einheitlicheres 
und sorgsameres Vorgehen angestrebt werden. Der im Rahmen dieser 
Studie verfasste Leitfaden kann dabei helfen. Die Informationen aus der 
Literatursichtung zeigen zudem, dass es bisher kein standardisiertes Ver-
fahren zur Tuberkulinisierung gibt.
Keywords
Skin test, tuberculosis, cattle, questionnaire, council directive
Summary
Objective: Because of an increase in the number of cases of bovine tu-
berculosis in southern Germany (Allgäu region, mainly in the adminis-
trative district Swabia) during recent years, blanket tuberculosis testing 
was resumed in this region. The aim of this study was to review the ve-
terinarians’ current knowledge regarding the technique of the intrader-
mal tuberculin test. As a consequence, a guide with precise instructions 
for the execution and interpretation of intradermal tuberculin testing in 
cattle based on the current legislation should be created. Material and 
methods: Using a questionnaire, farm-animal practitioners’ knowledge 
and experiences of intradermal tuberculin testing were surveyed, col-
lected and evaluated. Legislative texts on tuber culosis (particularly test-
ing of tuberculosis) were evaluated in their current and previous ver-
sions, and compared with the experiences reported by the veterinarians. 
Results: A total of 137 veterinarians participated and 130 returned 
questionnaires could be evaluated. Forty-four of the 130 participants 
were involved in tuberculosis testing when the survey was performed. 
Of these 44 questionnaires, 42 were incorporated in the final evaluation. 
The majority of the veterinarians perform the intradermal tuberculosis 
test as laid down in the Commission Regulation (EC) no. 1226/2002 of 8 
July 2002 amending Annex B to Council Directive 64/432/EEC. However, 
many practitioners do not comply with the requirements of the Commis-
sion Regulation (EC) no. 1226/2002 when evaluating the results of the 
intradermal tubercu losis test. Veterinarians showing the least accord-
ance with required standards only test single animals or work in areas 
other than Swabia. Conclusions: In areas severely affected by tubercu-
losis, the technique of intradermal tuberculosis testing is performed al-
most as demanded by the Commission Regulation (EC) no. 1226/2002. 
However, a more uniform and careful approach should be sought when 
monitoring the results. The guide designed in the context of this study 
can help to improve the performance of the intradermal tuberculosis 
test. The information from the literature review also shows that there is 
currently no standardized method of intradermal tuberculosis testing.
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Einleitung
In Deutschland wurde die Rindertuberkulose (bTB) von 1952 bis 
1996 mittels regelmäßiger Tuberkulinisierung überwacht und 
durch das Merzen positiver Tiere bekämpft (2, 21). Dabei wurde 
das Bang’sche Tuberkulosebekämpfungsverfahren angewandt, das 
nach folgendem Prinzip funktioniert: Tuberkulinisierung aller 
Rinder, Trennung der Reagenten von den Nichtreagenten, Mer-
zung der positiven Tiere, Aufzucht von tuberkulosefreien Kälbern 
und in regelmäßigen Abständen wiederkehrende Kontrolle mittels 
Tuberkulinisierung der Bestände (2). Dadurch gelang es, den An-
teil tuberkulosefreier Bestände von 10% im Jahr 1952 auf 99,7% im 
Jahr 1961 zu erhöhen (2, 16). Die Tuberkulosebekämpfung war 
so erfolgreich, dass Deutschland mit der Entscheidung der Kom-
mission vom 17. Dezember 1996 (97/76/EG) den Status “amtlich 
frei von Tuberkulose” erhielt. Laut Definition der EU bedeutet 
dies, dass „in sechs aufeinanderfolgenden Jahren höchstens 0,01% 
der Rinderbestände mit Tuberkulose infiziert waren, und min -
destens 99,9% der Rinderbestände sind seit 10 Jahren amtlich 
anerkannt tuberkulosefrei“ (Richtlinie 97/12/EG des Rates vom 
17. März 1997 Anhang A, Teil I, Nummern 4, 5 und 6). Bis heute
konnte in Deutschland dieser Status aufrechterhalten werden.
Aufgrund der Entscheidung des Rates vom 17. Dezember 1996 
wurde die flächendeckende Tuberkulinisierung seit 1997 aus -
gesetzt. Zur Tuberkuloseprävention dient seitdem die amtliche 
Fleischuntersuchung am Schlachthof (17, 21, 26). Bei dieser wer-
den jedoch, laut einer in Australien durchgeführten Studie (6), 
rund 47% der Tiere mit makroskopisch erkennbaren Veränderun-
gen übersehen. Des Weiteren gibt es Untersuchungen, in denen 
Tiere mit Tuberkulose, aber ohne makroskopisch sichtbare Verän-
derungen (non visible lesions) beschrieben sind (12, 29), die bei 
der Fleischuntersuchung am Schlachthof nicht erkannt werden 
können.
In den Jahren 1999 bis 2006 schwankte die Zahl der Betriebe in 
Deutschland, in denen die bTB amtlich festgestellt wurde, zwi-
schen zwei und zehn pro Jahr (0,001–0,006%). Im Jahr 2007 waren 
es 12 Betriebe und im darauffolgenden Jahr 23 (Grundlagen: mo-
natliche Tierseuchenberichte des Bundesministeriums für Ernäh-
rung, Landwirtschaft und Verbraucherschutz, Tiergesundheitsjah-
resberichte des FLI von 1999 bis 2012). Zwischen 1997 und 2007 
wurden 43% aller bTB-Ausbrüche in Deutschland im Bundesland 
Bayern registriert, 65% davon in der Region Allgäu (7). Aufgrund 
der Zunahme an Tuberkuloseausbrüchen sowie der regionalen 
Häufung erfolgte von Oktober 2007 bis März 2009 eine flächen -
deckende Tuberkulinisierung in der Region Allgäu (7). Untersucht 
wurden dabei ca. 187 000 Rinder (13). In den darauffolgenden Jah-
ren sank die Zahl der Tuberkuloseausbrüche in Deutschland auf 
ein Minimum von fünf Ausbrüchen im Jahr 2011. Im Jahr 2012 
wurde jedoch wieder ein Anstieg verzeichnet, wobei am Ende des 
Jahres in insgesamt 23 Betrieben die bTB amtlich festgestellt wur-
de (Grundlage: Tierseuchenbericht des Bundesministeriums für 
Ernährung und Landwirtschaft, BMEL). Infolge der erneuten 
Häufung von Rindertuberkulose begann man im November 2012 
wiederum mit der flächendeckenden Tuberkulinisierung im Ober-
allgäu, die 2013 auf die gesamte Region entlang der Alpenkette 
ausgeweitet wurde (Amtsblatt Nr. 45 für den Landkreis Oberall-
gäu; Bayerisches Staatsministerium für Umwelt und Gesundheit).
Bei der flächendeckenden Tuberkulinisierung von 2007 bis 
2009 wurde der Intrakutan-Monotest (Monotest) eingesetzt. Die 
aktuelle Tuberkulinisierung (2013–2014) findet mit dem Simul-
tantest statt. Alternativ kann am lebenden Tier nach § 1 der Ver-
ordnung zum Schutz gegen die Tuberkulose (Tuberkulose-Ver -
ordnung) ein Interferon-Gamma-Freisetzungstest (z.  B. Bovigam® 
oder zugelassene Produkte anderer Anbieter) zur Diagnostik an-
gewendet werden (31).
Die Diagnose der bTB mithilfe des Tuberkulins wird seit über 
100 Jahren als diagnostisches Mittel im Rahmen der Tuberkulose-
bekämpfung genutzt (20). Dabei hat sich im Lauf der Zeit die in-
trakutane Tuberkulinprobe gegenüber den anderen Testmethoden 
(subkutane Tuberkulinisierung mit anschließender Temperatur-
kontrolle, konjunktivale Tuberkulinisierung, Tuberkulinisierung 
durch Injektion am Lid) vom Zeit- und Arbeitsaufwand am prak-
tikabelsten erwiesen (14, 20). Sie gilt als wichtigste und wirksamste 
Methode, um bTB am lebenden Tier zu diagnostizieren (29). In 
Europa haben sich dabei vor allem der Monotest am Hals sowie 
der Simultantest durchgesetzt (11).
Beim zervikalen Monotest wird das Rindertuberkulin am Hals 
intrakutan injiziert. Im positiven Fall tritt nach 72 Stunden eine 
allergische Reaktion Typ IV (verzögerter Typ) mit Schwellung, 
Verhärtung, Schmerz und vermehrter Wärme an der Applika -
tionsstelle auf (20, 26). Bei einer Zunahme der Hautfaltendicke um 
mindestens 4 mm oder dem Vorliegen von klinischen Verände-
rungen (diffuser oder extensiver Ödembildung, Ulzeration, Ne-
krose, Entzündung der Lymphknoten oder der Lymphgänge im 
Injektionsbereich) ist der Monotest als positiv zu beurteilen (Ver-
ordnung [EG] Nr. 1226/2002 Anhang B 2.2.5.3.1) (30). Durch das 
gemeinsame Vorkommen einzelner Antigene bei verschiedenen 
Mykobakterien können jedoch falsch positive Ergebnissen auftre-
ten (26). Besonders Tiere, die mit Mycobacterium avium subsp. 
avium sowie M. avium subsp. paratuberculosis infiziert sind, kön-
nen auf die Injektion des Tuberkulins positiv reagieren (11). Die 
Sensitivität des Monotests wird mit 80,0–91,0%, die Spezifität mit 
75,5–96,8% angegeben (27).
Falsch positive Reaktionen im Monotest lassen sich durch den 
Simultantest abklären (26). Bei diesem wird sowohl Rinder- als 
auch Geflügeltuberkulin an zwei parallel zur Schulterlinie liegen-
den Injektionsstellen intrakutan injiziert. Ist beim Ablesen die Zu-
nahme der Hautfaltendicke an der Injektionsstelle des Rinder -
tuberkulins mindestens 4 mm größer als an der Injektionsstelle 
 des aviären Tuberkulins oder liegen klinische Veränderungen wie 
oben beschrieben vor, ist der Hinweis auf bTB gegeben (Ver -
ordnung [EG] Nr. 1226/2002 Anhang B 2.2.5.3.2) (30). Die Sensi -
tivität des Simultantests wird mit 55,1–93,5%, die Spezifität mit 
88,8–100% angegeben (27).
Durch das vermehrte Auftreten der Rindertuberkulose in den 
letzten Jahren ist es nicht auszuschließen, dass die Tuberkulinisie-
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rung in Zukunft auch in derzeit nicht betroffenen Gebieten wieder 
regelmäßig durchgeführt wird.
Mit dieser Studie wurde ein Leitfaden erstellt, an dem sich Tier-
ärzte, die in die Tuberkulinisierung involviert sind, orientieren 
können.1 Dieser beruht auf den Erfahrungen von praktizierenden 
Tierärzten, der Literatur und den aktuellen Gesetzestexten. Der 
Leitfaden ist vor allem für diejenigen gedacht, die vor 1997 keine 
Erfahrungen sammeln konnten und sich hinsichtlich der Technik 
der Tuberkulinisierung unsicher sind. Ferner geben die gesammel-
ten Informationen einen Überblick über die aktuellen Kenntnisse 
der Großtierpraktiker zur Technik des Tuberkulinisierens.
Material und Methoden
Fragebogen
Ein Fragebogen wurde entwickelt, um die Erfahrungen der Nutz-
tierpraktiker zur aktuellen Tuberkulinisierung ausführlich erfassen 
zu können.2 Er beinhaltete 36 Fragen und basierte auf der Studie 
von Prof. Dr. Claude Saegerman und Dr. Marie-France Humblet 
in Belgien (15). Ferner wurde der Fragebogen mit mehreren Tier-
ärzten aus verschiedenen Tätigkeitsgebieten (Nutztierpraxis, Uni-
versität, Veterinäramt), die alle praktisch oder theoretisch in die 
Tuberkulinisierung involviert sind, besprochen. Nachdem der Fra-
gebogen auf eine Online-Plattform (https://www.soscisurvey.de/) 
gestellt wurde, durchlief er eine kurze Pretest-Phase, in der ihn vier 
Tierärzten nochmals auf Unstimmigkeiten und Verständnispro-
bleme überprüften.
Die Nutztierpraktiker wurden via bpt-Mitteilungsblatt, Be-
kanntmachung am bpt-Kongress 2013 in Mannheim und an der 
Mitgliederversammlung des Tierärztlichen Bezirksverbandes 
Schwaben sowie über den E-Mail-Verteiler der Fachgruppe Be-
standsbetreuung Rind des bpt auf den Fragebogen aufmerksam 
gemacht.
Die Frage „Testen Sie in der Regel alle Tiere einer Herde?“ 
musste während der laufenden Umfrage um eine Antwortoption 
(„Anderes“) erweitert werden.
Die Antworten wurden anonym gesammelt und mithilfe des 
Tabellenkalkulationsprogramms Microsoft Excel 2010 (Microsoft 
Corporation) ausgewertet. Der Einfachheit halber werden im Fol-
genden alle Teilnehmer/Teilnehmerinnen des Fragebogens als 
Teilnehmer bezeichnet.
Literatur
Die Literatur zur Tuberkulose aus den Jahren 1936 bis 2014 wurde 
gesichtet und relevante Publikationen zu den Themen Bekämp-
fungsmaßnahmen, Diagnostik im Allgemeinen und Tuberkuli -
nisierung im Speziellen wurden erfasst. Berücksichtigung fanden 
außerdem die Anlage B der Richtlinie 64/432/EWG des Rates vom 
26. Juni 1964 (23) sowie die geänderten Versionen aus den Jahren 
1980 (24), 1997 (25), 2002 (30) und 2014 in der englischen Fas-
sung sowie in der übersetzten deutschen Fassung. Des Weiteren
wurde die Verordnung zum Schutz gegen die Tuberkulose des Rin-




Von den insgesamt 137 ausgefüllten Fragebögen mussten sieben 
aus der Auswertung ausgeschlossen werden, weil sich die Teilneh-
mer in den Angaben widersprachen oder sie nicht in Deutschland 
tuberkulinisiert hatten. Somit standen für die Auswertung die 
Antworten von 130 Teilnehmern zur Verfügung.
Im Jahr 2012 waren in Deutschland 1218 Nutztierärzte gemel-
det (Grundlage: Statistik der Bundestierärztekammer, 2012). Hät-
ten alle Nutztierärzte den Fragebogen erhalten, läge die Rücklauf-
quote bei 10,7% deutschlandweit und bei 12,6% in dem am stärks-
ten von der Tuberkulose betroffenen Bundesland Bayern. Vor dem 
Hintergrund, dass der Fragebogen nicht allen Nutztierpraktikern 
in Deutschland zur Verfügung stand sowie in Anbetracht der ge-
ringen Rücklaufquote müssen die folgenden Ergebnisse vorsichtig 
betrachtet werden.
Daten zu den Teilnehmern
Nach den Landkreisangaben in 118 Fragebögen waren die Teil-
nehmer dieser Studie sowohl in Nord- als auch in Süddeutschland 
beheimatet (▶ Abb. 1a). Die restlichen Fragebögen enthielten ent-
weder nur eine sehr vage oder gar keine Angabe bezüglich des 
Standorts der Befragten. Die Mehrzahl der aktuell tuberkulinisie-
renden Tierärzte (n = 44) arbeitet im Regierungsbezirk Schwaben 
(▶ Abb. 1b), der derzeit am stärksten von der Tuberkulose betrof-
fen ist (Grundlagen: Tierseuchenbericht des BMELV, Deutsches
Tierärzteblatt 8/2012–4/2014).
Von den 130 Teilnehmern waren 63,9% männlich und 30,8% 
weiblich. Keine Angabe zu ihrem Geschlecht machten 5,3% der 
Teilnehmer. Das Durchschnittsalter betrug 48 Jahre (27–85 Jahre).
Erfahrungen mit der Tuberkulinisierung
Vor 1997 tuberkulinisierten 74 (knapp 57%) der 130 Teilnehmer. 
In die aktuell durchgeführte Tuberkulinisierung sind 44 (knapp 
34%) dieser 130 Teilnehmer involviert, wobei von diesen 44 Tier-
ärzten 15 (34%) nicht vor 1997 tuberkulinisiert haben. Dies zeigt, 
wie wichtig es ist, jüngere Kollegen in die Tuberkulinisierung ein-
zuweisen.
Zwei Fragebögen konnten nicht in die Auswertung zur Tuber-
kulinisierung in der Praxis miteinbezogen werden, da die Befrag-
1  Der Leitfaden ist als Supplementary Material zum Artikel auf der Internet-
seite der Zeitschrift (www.tieraerztliche-praxis.de) kostenlos abrufbar.
2  Der Fragebogen ist als Supplementary Material zum Artikel online verfüg-
bar.
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Abb. 1b Herkunft von 44 Fragebögen zum Thema Tuberkulinisierung von 
Tierärzten, die Erfahrung mit der Tuberkulinisierung in Deutschland haben
Fig. 1b Origin of 44 questionnaires about the intradermal test by veteri -
narians with experience with tuberculosis testing in Germany.
Abb. 1a Herkunft von 118 Fragebögen zum Thema Tuberkulinisierung von 
Tierärzten mit und ohne Erfahrung mit der Tuberkulinisierung in Deutschland
Fig. 1a Origin of 118 questionnaires about the intradermal tuberculosis 
test by veterinarians with and without experience with tuberculosis testing 
in Germany.
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ten nur ihr Alter, ihren Landkreis und die Anzahl der Herden, 
die sie bis dato tuberkulinisiert hatten, angaben. Somit verblieben 
42 Fragebögen für die weitere Auswertung. Aufgrund der Tat -
sache, dass manche Angaben fehlten oder widersprüchlich waren 
(was zum Ausschluss der entsprechenden Frage von der Auswer-
tung führte), entspricht die maximale Anzahl der Antworten nicht 
bei jeder Frage der Gesamtteilnehmerzahl von 42.
28 Teilnehmer hatten schon vor der Einstellung der Tuberkuli-
nisierung im Jahr 1997 tuberkulinisiert. Diese konnten aufgrund 
dessen auch auf ihre Erfahrungen von früher zurückgreifen und 
somit einen subjektiven Vergleich zwischen damals und heute in 
Bezug auf Kommunikation mit dem Landwirt, Handhabung der 
Geräte, Rechtslage und Ergebnisinterpretation ziehen (▶ Abb. 2).
Einzelne Aspekte des Fragebogens
Wenige Teilnehmer empfinden, verglichen mit früher, die Kom-
munikation mit dem Landwirt aktuell als schwieriger. Aufgrund 
der Tatsache, dass sich die Rechtslage im aktuell durchzuführen-
den Tuberkulinisierungsverfahren geändert hatte (10, 34), kam es 
während der laufenden Untersuchungen zu Verunsicherungen in 
Bezug auf die Durchführung und Aussagekraft der eingesetzten 
diagnostischen Tests auf Seiten der Tierärzte wie auch bei den 
Landwirten, die sich zum Teil erschwerend auf die Kommunika -
tion zwischen Tierarzt und Landwirt ausgewirkt haben könnten. 
Die Änderung der Untersuchungsverfahren in manchen Land-
kreisen (vom zervikalen Monotest zum Simultantest, zeitweise 
Abb. 2  
Tuberkulinisierung vor 1997 und heute – Ver-
gleich der Aussagen aus 28 Fragebögen
Fig. 2  
Intradermal tuberculosis testing before the year 
1997 and the current testing – comparison of  
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mit der deutschen Version verglichen wird: Laut der Commission 
Regulation (EC) No. 1226/2002 heißt es: „...the site for injection of 
avian tuberculin shall be about 10 cm from the crest of the neck 
and the site for the injection of bovine tuberculin about 12.5 cm 
lower…” (5). Diese Angabe wurde in der Verordnung (EG) Nr. 
1226/2002 folgendermaßen übersetzt: „…so liegt die Injektions-
stelle für Geflügeltuberkulin ungefähr 10 cm vor oder hinter der 
Schulterblattgräte und für Rindertuberkulin ungefähr 12,5 cm tie-
fer…“ (30). Das Wort „crest“ (= der Scheitel bzw. Nacken) wurde 
fälschlicherweise mit Schulterblattgräte übersetzt.
Um diese widersprüchlichen Vorgaben in eine einheitliche Fas-
sung zu bringen, gab das Friedrich-Loeffler-Institut gemeinsam 
mit dem Paul-Ehrlich-Institut eine Empfehlung heraus, in der als 
Tuberkulin-Injektionsstelle der Hals am „Übergangsbereich zwi-
schen dem ersten und dem mittleren Nackendrittel“ beschrieben 
wird (19). Diese Stelle ist jedoch bei einem im Fressgitter oder in 
einer Anbindevorrichtung fixierten Tier für den Tierarzt schwer 
zugänglich und zudem mehr mechanischen Einflüssen ausgesetzt 
als die Stelle an der Schulter. Die Empfehlung wird deshalb auf 
der Homepage www.wir-sind-tierarzt.de als „praxisuntauglich“ 
dis kutiert (33). Möglicherweise ist die deutschsprachige Version 
die für Deutschland maßgebende Gesetzesgrundlage (s. auch Be-
schluss Az. 20 CS 14.1031 vom 3. Juli 2014 des Bayerischen Ver-
waltungsgerichtshofs). Insofern lässt sich nicht abschätzen, wie die 
Rechtsprechung in einem konkreten Fall ausfallen würde. In an -
de ren Ländern wird die Tuberkulinisierung jedoch auch an der 
Schwanzfalte praktiziert (1, 4) und es ist fraglich, inwiefern die Re-
aktion an einer anderen Körperstelle abweicht.
Haarentfernung an der Injektionsstelle: Laut der Verordnung 
(EG) Nr. 1226/2002 soll die Injektionsstelle3 geschoren und gesäu-
bert werden. Vierzig von 41 Teilnehmern entfernen das Haar vor 
der Injektion. Dabei nutzen 24 die Schermaschine und 14 einen 
Rasierer oder den Scherenschlag. Nur ein Teilnehmer aus Nieder-
sachsen gab an, das Haar nicht zu entfernen. Zwei Teilnehmer 
machten zur Art der Haarentfernung keine Angaben. Die Empfeh-
lung des Friedrich-Loeffler- und des Paul-Ehrlich-Instituts sieht 
die Entfernung der Haare „mit einer Schere oder Schermaschine“ 
vor und zwar „ohne vorherige Desinfektion der betreffenden 
Hautstelle“ (19). Das Entfernen der Haare dient dem exakteren 
Ablesen der Hautfaltendicke, dem einfacheren intrakutanen Inji-
zieren des Tuberkulins und erleichtert beim Ablesen das Wieder-
auffinden der Injektionsstelle. Das Scheren stellt dabei eine leichte, 
akkurate und rasch durchführbare Methode dar. Bei der Rasur 
esteht das Problem, dass Hautläsionen gesetzt werden und somit 
eine zusätzliche Reizung der Haut auftreten kann.
Reinigung der Injektionsstelle: Bei den Fragen, ob die Teilneh-
mer vor der Tuberkulinisierung die Haut reinigen oder desinfizie-
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auch Bovigam®) förderte diese Verunsicherung zusätzlich. Grund-
sätzlich steigern gute Information und das Verständnis von Zu-
sammenhängen die Akzeptanz. Eine offene Kommunikation der 
angewandten Testmethoden mit einer genauen Erläuterung der 
Erkrankung und deren Diagnostik führt möglicherweise zu einem 
besseren Verständnis der Landwirte für diese Bekämpfungsmaß-
nahme.
Die Methodik der Tuberkulinisierung ist seit 1980 nahezu un-
verändert geregelt (24, 30). Demzufolge hat sich die Durchführung 
nicht geändert. Einige Teilnehmer der Studie empfanden die heu-
tige Handhabung der Methodik dennoch als komplizierter als frü-
her. Dies könnte an dem geänderten Pistolensystem liegen. Früher 
wurde das Tuberkulin in Ampullen vertrieben, die man in die 
Ampullenspritze einlegen konnte. Aktuell ist in Deutschland nur 
Tuberkulin zugelassen, das in Durchstechflaschen geliefert wird 
(22). Daher sind die alten Tuberkulinspritzen nicht mehr einsatz-
fähig und es müssen die neuen Spritzen mit Aufziehsystem ver-
wendet werden.
Auch das Empfinden einer strengeren Rechtslage, das 12 
Tierärzte angaben, kann sich insofern nicht auf die Methodik der 
Tuberkulinisierung beziehen. Die einschlägige Verordnung hat 
sich jedoch mehrfach geändert und aufgrund der Änderung der 
Falldefinition auch die Handhabung fraglicher und positiver Tiere 
(10, 32, 34).
Jeweils neun Tierärzte waren der Ansicht, dass das Gesetz eine 
striktere Befolgung verlangt oder mehr fragliche Ergebnisse zu 
verzeichnen sind als früher.
Das Alter, ab dem Rinder tuberkulinisiert werden, wird vom 
zuständigen Landratsamt festgelegt und kann sich so von Land-
kreis zu Landkreis unterscheiden. Diese Tatsache sowie eventuelle 
Besonderheiten (z. B. Untersuchung einzelner Tiere) berücksich-
tigte der Fragebogen vor der Ergänzung der Antwortoptionen auf 
die Frage „Testen Sie in der Regel alle Tiere einer Herde?“ nicht. 
Daher kann keine generelle Aussage darüber getroffen werden, 
welche Tiere untersucht werden und ab welchem Alter die Unter-
suchung erfolgt. Aus den Antworten geht jedoch hervor, dass sich 
jeder Tierarzt an die Anweisungen des zuständigen Landratsamtes 
hält.
Lokalisation der Tuberkulinisierung: Neun Teilnehmer tuberku-
linisieren explizit nur am Hals des Tieres, die restlichen Befragten 
tuberkulinisieren entweder sowohl an Hals und Schulter oder nur 
an der Schulter.
In der deutschsprachigen Literatur wird bei der Darstellung der 
Tuberkulinisierung eine Region kurz vor der Schulterblattgräte be-
schrieben (8, 25). So wird es an deutschsprachigen Universitäten 
gelehrt und auch in der ersten Fassung der Anlage B der Richtlinie 
64/432/EWG des Rates vom 26. Juni 1964 wird auf eine Region an 
der Schulter oder am Hals des Tieres verwiesen (23). Dies konkre-
tisierte sich ab der Richtlinie 80/219/EWG, in der ein Punkt zwi-
schen vorderem und mittlerem Halsdrittel beschrieben wird (24). 
Die aktuelle Fassung der Richtlinie 64/432/EWG von 2002 bein-
haltet allerdings widersprüchliche Angaben, wenn die englische 
3  Im Gesetzestext befindet sich im Originalwortlaut ein Tippfehler: „Die 
Infektionsstellen scheren und säubern“ (englisch: „Injection sites shall be 
clipped and cleaned“).
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ren, gaben sechs von 39 an, die Haut vor der Tuberkulinisierung 
zu reinigen. Ein Teilnehmer, der einzelne Tiere untersucht, „desin-
fiziert“ die Haut, jedoch ohne vorherige Reinigung. Die restlichen 
Teilnehmer reinigen oder desinfizieren die Haut nicht. Ob mit der 
in der Verordnung (EG) Nr. 1226/2002 geforderten Säuberung der 
Injektionsstelle nur die Beseitigung von grobem Schmutz, wie bei-
spielsweise das Wegwischen von Haaren und Schmutz mit der 
Hand, oder eine gründlichere Reinigung (z. B. mit Wasser oder Al-
kohol) gemeint ist, geht aus dem Gesetzestext nicht hervor.
Laut der Verordnung (EG) Nr. 1226/2002 muss die Hautfalten -
dicke vor der Injektion des Tuberkulins innerhalb des geschore-
nen Bereichs mit einem „Greifzirkel“ gemessen und anschließend 
dokumentiert werden. Mit „Greifzirkel“ ist das Kutimeter oder die 
Schieblehre gemeint. Es handelt sich wahrscheinlich um einen 
Fehler bei der Übersetzung des Wortes „callipers“ aus dem engli-
schen Gesetzestext.
Bei der Durchführung des Simultantests messen 31 von 41 Teil-
nehmern an der Stelle der Injektion des bovinen sowie des aviären 
Tuberkulins zuvor die Hautfaltendicke. Zwei Teilnehmer gaben an, 
im mittleren Bereich zwischen den Injektionsstellen zu messen. 
Vier Teilnehmer messen nur an der bovinen Injektionsstelle. Jeder 
dieser 37 Teilnehmer nutzt zur Messung der Hautfaltendicke ein 
Kutimeter oder eine Schieblehre, wobei das Kutimeter deutlich be-
vorzugt wird. Vier weitere Teilnehmer gaben an, nicht zu messen.
Fünfunddreißig dieser 37 Teilnehmer dokumentieren bei allen 
Tieren die Hautfaltendicke. Zwei Teilnehmer machen dies nur bei 
Tieren, bei denen sie im Vergleich zu den restlichen Tieren der 
Herde eine deutlich abweichende Hautfaltendicke feststellen. Die 
Hautdicken von Rindern können stark variieren (28). Daher ist es 
unerlässlich, bei jedem Tier und an beiden Injektionsstellen die 
Hautfaltendicke zu messen und sorgfältig zu dokumentieren. Nur 
so kann eine eventuelle spätere Zunahme der Hautfaltendicke 
korrekt ermittelt werden. Die Messung der Hautfaltendicke vor In-
jektion des Tuberkulins sowie bei der Ablesung des Ergebnisses 
nach 72 ± 4 Stunden sollte immer dieselbe Person mit demselben 
Gerät an beiden Injektionsstellen vornehmen. So lassen sich syste-
matische Fehler aufgrund von instrumentellen Ungenauigkeiten 
und persönlichen Fehlern gering halten.
Injektion des Tuberkulins: Nach dem Scheren und Säubern der 
Injektionsstelle sowie dem Messen und Dokumentieren der Haut -
faltendicke wird das Tuberkulin injiziert und die korrekte Injek- 
 tion durch die Palpation der entstandenen intrakutanen Quaddel 
überprüft. Dieses Vorgehen wird durch die Verordnung (EG) Nr. 
1226/2002 geregelt. Sechsunddreißig von 41 Tierärzten kontrollieren 
grundsätzlich, ob eine intrakutane Quaddel spürbar ist. Zwei Teil-
nehmer kontrollieren dies nicht immer oder nur optisch, drei Teil-
nehmer führen nie eine entsprechende Kontrolle durch. Die Injek -
tion des Tuberkulins muss streng intrakutan erfolgen, da nur so 
gewährleistet ist, dass genügend Tuberkulin in der Haut verbleibt, 
um eine Typ-IV-Reaktion auszulösen. Aufgrund der oft schlechten 
Lichtverhältnisse im Stall ist die Palpation eine schnelle und sichere 
Methode, um zu überprüfen, ob das Tuberkulin korrekt deponiert 
wurde. Die optische Kontrolle reicht in diesem Fall nicht aus.
Kanülenwechsel/-reinigung: Die Verordnung (EG) Nr. 1226/2002 
sah bis Anfang November 2014 für die Injektion eine sterile Kanü-
le vor. Dazu äußerte sich das Friedrich-Loeffler-Institut 2013 wie 
folgt: „Grundsätzlich hält das Friedrich-Loeffler-Institut aus vete-
rinärhygienischen Gründen einen Wechsel der Kanüle nach jedem 
Tier für erforderlich, um eine parenterale Verschleppung von In-
fektionserregern zu unterbinden. Im Rahmen der Tuberkulinisie-
rung werden allerdings Systeme eingesetzt, bei denen ein Wechsel 
der Kanüle nach jedem Tier in der Praxis kaum durchführbar ist. 
Viele Injektionssysteme sind dafür auch nicht ausgelegt. Eine neue 
Kanüle sollte aber auf jeden Fall dann verwendet werden, wenn 
Rinder in einer neuen epidemiologischen Einheit untersucht wer-
den sollen oder wenn die Kanülenspitze Schaden genommen hat 
(fühlbare Widerhaken, Rauigkeiten, Schwierigkeiten beim Einste-
chen in die Haut). Es wird auch dringend empfohlen, die Kanüle 
grundsätzlich zu wechseln, wenn ein Blutstropfen an der Kanülen-
spitze anzeigt, dass ein Gefäß getroffen wurde“ (18).
Auf die Frage nach dem Kanülenwechsel gaben 36 von 40 Teil-
nehmern an, die Kanüle mindestens nach jeder epidemiologischen 
Einheit (was maximal der Größe einer Herde entspricht) zu wech-
seln, womit sich 90% der befragten Tierärzte grundsätzlich an die 
Empfehlung des Friedrich-Loeffler-Instituts halten. Die Hälfte da-
von wechselt die Kanüle, wenn sie stumpf ist. Nur zwei Teilnehmer 
wechseln die Kanüle seltener. Drei Befragte gaben zusätzlich an, 
die Kanüle auch beim Auftreten eines Blutstropfens zu wechseln 
oder beim Aufziehen von neuem Tuberkulin (nach ca. 20 Tieren). 
Einen Kanülenwechsel nach jedem Tier gaben zwei Teilnehmer 
an, die nur einzelne Tiere untersuchen.
Auch in der Standardliteratur wird bei „Massenbehandlungen“ 
nicht für jedes Tier, sondern für „mindestens jeden zu therapieren-
den Bestand, besser aber für jedes 5. und 10. Tier“ eine neue, sterile 
Kanüle verlangt (9). Gerade die Frage, wie oft die Kanüle gereinigt 
oder gewechselt werden sollte, sorgt allerdings während der aktuellen 
Tuberkulinisierung in Deutschland für Unsicherheit. Die Tatsache, 
dass die Hälfte der Teilnehmer angab, die Kanüle nicht nach jeder 
Herde zu reinigen, lässt sich damit erklären, dass diese Tierärzte die 
Kanüle vermutlich nach jeder Herde entsorgen. Wie aus Gesprächen 
mit Praktikern hervorgeht, wird in manchen Praxen die Kanüle wie-
derverwendet, jedoch nach Reinigung und Sterilisation.
Zwanzig von 40 Teilnehmern reinigen oder desinfizieren die 
Kanüle nach jeder Herde (das genaue Prozedere wurde im Frage-
bogen jedoch nicht ermittelt). Genau so viele gaben an, dies nicht 
zu tun. Ein Befragter, der lediglich einzelne Rinder tuberkulini-
siert, reinigt und desinfiziert die Kanüle nach jedem Tier.
Neben der Praktikabilität des Kanülenwechsels ist dieser auch 
im Sinne der Reproduzierbarkeit der Methode zu hinterfragen, 
denn jeder Kanülenwechsel wird infolge des geringen Injektions-
volumens (100 μl) und des Totraums der Kanülen Abweichungen 
bedingen, die sich auf das Volumen des zu injizierenden Tuberku-
lins negativ auswirken können. In der Praxis ist dies vermutlich 
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wenig relevant, da die Kanüle vor der Injektion mittels Durch -
drücken der Tuberkulinspritze „befüllt“ wird, um mögliche Luft-
bläschen zu entfernen. Der Nachteil dieses Vorgehens ist ein er-
höhter Tuberkulinverbrauch.
Ein aktuelles Urteil vom 3.7.2014 des Bayerischen Verwaltungs-
gerichtshofes (Az. 20 CS 14.1032) bestätigt, dass die Untersuchung 
eines Rinderbestandes auf Tuberkulose nur unter der Maßgabe er-
folgen darf, dass für jedes zu untersuchende Tier eine sterile Kanü-
le verwendet wird. Daraufhin wurden Untersuchungen ausgesetzt. 
Am 14.11.2014 wurde eine angepasste Übersetzung der Verord-
nung EG 1226/2002 im Amtsblatt Nr. L 329 der Europäischen 
Union veröffentlicht, in der es unter 2.2.5.1. (Anhang B) „Vorge-
hensweise“ nun heißt: „Dazu kann die kurze, sterile Kanüle (abge-
schrägte Seite nach außen) einer graduierten, mit Tuberkulin auf-
gezogenen Spritze schräg in die tieferen Hautschichten eingeführt 
werden.“ (Englische Version: „A short sterile needle, bevel edge 
outwards, with graduated syringe charged with tuberculin, inser-
ted obliquely into the deeper layers of the skin may be used.“).
Das Bayerische Staatsministerium für Umwelt und Verbrau-
cherschutz schlussfolgert daraus: „Daher ist es nunmehr wieder 
möglich, Untersuchungen unter Anwendung der sogenannten 
„Stallkanüle“ vorzunehmen“ (Schreiben vom 19.11.2014 an die 
Regierungen und das Bayerische Landesamt für Gesundheit und 
Lebensmittelsicherheit [LGL]). Auch in anderen Ländern, wie bei-
spielsweise den USA, Kanada oder der Schweiz, ist die Injektion 
mit einer sterilen Kanüle gesetzlich nicht vorgegeben (1, 3, 4).
Hautfaltendicke nach der Injektion: Laut Verordnung (EG) 
Nr. 1226/2002 muss die Hautfaltendicke an jeder Injektionsstelle 

























Abb. 3  
Ablesezeitpunkte der Hautfaltendicke nach der 
Injektion des Tuberkulins
Fig. 3  
Point in time when the reading of the thickness 
of the skin after injection of tuberculin takes 
place.
Tab. 1  
Antworten der Nutztierpraktiker zu den nicht  
im Text berücksichtigten Fragen. Im Feld „keine 
Angabe“ wurden alle Teilnehmer aufgelistet, die 
entweder „keine Angabe“ ankreuzten oder diese 
Frage nicht beantworten. Bei der Frage nach dem 
Injektionsgerät konnten mehrere Antworten ge-
geben werden, die alle bei der Auswertung be-
rücksichtigt wurden.
Table 1  
Answers of the veterinarians to questions not 
considered in the text. In the field „no answer“ 
all participants were listed that are either check-
ed „not specified“ or did not answer the ques-
tion at all. Several answers were possible on  
the question on the syringe. All answers were 
included in the analysis.
Frage
Halten Sie es für wichtig, die Emp-
fehlungen des Herstellers hinsicht-
lich Lagerung, Anwendung, Ver-
fallsdatum (des Tuberkulins) zu  
beachten?
Tuberkulinisieren Sie hochtragende 
Kühe (ab der 6. Woche vor der Ab-
kalbung) zeitgleich mit den ande-
ren Kühen der Herde?
Dokumentieren Sie Auffälligkeiten 















< 6 Wochen nach
 der Abkalbung
> 6 Wochen nach
der Abkalbung
Keine Angabe
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Frage
Hat eine vermutete Leberegel -
erkrankung (Fasziolose) einen Ein-
fluss auf Ihr Ableseverhalten?
Was benutzen Sie für die Injektion 
des Tuberkulins?
Haben Sie schon einmal einen 
Blutstropfen an der Kanüle bzw. 
auf der Haut nach der Injektion des 
Tuberkulins gesehen?
Was verstehen Sie als epidemiolo-
gische Einheit?
Wie oft haben Sie Tiere, die ein 
fragliches Ergebnis aufweisen?
Raten Sie dem Landwirt, positive 
bzw. nicht eindeutig positive Tiere 
zu isolieren?
Glauben Sie, die Tuberkulinisierung 
richtig und sicher ausführen zu 
können?
Falls Sie vor 1997 nicht tuberkulini-
siert haben, hatten Sie das Gefühl 
bei Ihren ersten Tuberkulinisierun-






















Ca. 1 Tier alle 10 Tiere
Öfter als 1 Tier alle 10 Tiere


















Alles in einem 
Stallraum
Einen Betrieb









































Tab. 1  
Fortsetzung
Table 1  
Continued.
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werden. Die Mehrzahl der Teilnehmer liest die Ergebnisse in die-
sem vorgeschriebenen Zeitfenster ab. Nur wenige Befragte lesen 
deutlich zu früh (24 Stunden) oder zu spät (> 92 Stunden) ab 
(▶ Abb. 3). Die betreffenden Tierärzte stammen nicht aus Bayern
oder tuberkulinisieren nur einzelne Tiere. Zwei von insgesamt 40
Teilnehmern gaben keine Antwort auf diese Frage. Alle anderen
beantworten zumindest eine der drei Möglichkeiten (▶ Abb. 3).
Niemand gab an, nicht alle Tiere zu kontrollieren. Nur ein Teil-
nehmer ließ diese Frage unbeantwortet. Die Zunahme der Haut-
faltendicke messen 18 von 39 Teilnehmern bei jedem Tier, 21 tun 
dies nur bei deutlicher, adspektorisch erfassbarer Veränderung, 
wovon sieben angaben, zusätzlich auch palpatorisch die Haut -
faltendicke zu überprüfen. Ein Kutimeter oder eine Schieblehre 
benutzen 35 von 40 Teilnehmern. Zwei Teilnehmer gaben an, nur 
zu palpieren. Eine Dokumentation der Hautfaltendicke nehmen 
32 von 40 Teilnehmern vor, acht gaben an, dies nicht oder nur 
bei deutlicher, adspektorisch und palpatorisch erfassbarer Haut -
dickenzunahme zu tun.
Da auch eine diffuse ödematöse Schwellung auftreten kann, 
reicht eine alleinige Adspektion nicht aus. Die palpatorische Kon-
trolle auf Schmerzhaftigkeit und Wärme und eine anschließende 
erneute Messung der Hautfaltendicke sind unabdingbar, denn ge-
rade eine diffuse Ödembildung lässt sich nur mit einer wiederhol-
ten Messung der Hautfaltendicke nachweisen. Zudem ist nur eine 
Messung der Hautfaltendickenzunahme genau genug, um bei ei-
ner Schwellung an beiden Injektionsstellen ein positives von einem 
fraglichen oder negativen Ergebnis zu unterscheiden. Wie oben 
erwähnt sorgt das Messen durch dieselbe Person mit demselben 
Kutimeter für den geringsten systematischen Fehler.
Befundkontrolle/-übermittlung: Siebenunddreißig von 39 Tier-
ärzten informieren bei positiven Befunden das Veterinäramt so-
fort oder innerhalb der nächsten 24 Stunden. Dreißig Teilneh-
mer überlassen die fraglichen Fälle dem Veterinäramt, sechs 
kontrollieren die Tiere erneut nach 6 Wochen. Ein Teilnehmer 
gab an, nur eine erneute Kontrolle durchzuführen, wenn weitere 
Tiere keine eindeutig negativen Ergebnisse aufweisen oder das 
Tier durch Schwäche und Abmagerung auffällt. Zwei Teilnehmer 
machten dazu keine Angabe. Die weitere Handhabung der Tiere 
mit fraglichen Befunden wird, zumindest im Veterinäramt 
Ostallgäu, von den Veterinärämtern selbst geregelt (F. Götz, per-
sönliche Mitteilung). Es ist jedoch nicht auszuschließen, dass 
Veterinärämter diese Aufgabe dem Tierarzt überlassen. Daher 
kann auf der Basis der Angaben in dieser Studie nicht darüber 
geurteilt werden, inwiefern sich die Tierärzte an dieser Stelle 
richtig verhalten.
Sonstige Aspekte: Bemerkenswert ist, dass 19 von 42 Teilnehmern 
angaben, auch Tiere zu testen, die kurz zuvor mit einem Entzün-
dungshemmer behandelt wurden. Zwanzig verneinten dies und 
drei machten dazu keine Angabe. Da ein Entzündungshemmer die 
Reaktion auf das Tuberkulin potenziell negativ beeinflusst, könnte 
damit ein falsch negatives Ergebnis ermittelt werden.
Die Antworten auf die restlichen Fragen sind in ▶ Tab. 1 dar -
gestellt.
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Germany has been officially free of bovine tuberculosis since 1996. However, in the last
years there has been an increase of bovine tuberculosis cases, particularly in the southern
part of Germany, in the Allga¨u region. As a consequence a one-time tuberculosis surveil-
lance program was revisited with different premortal and postmortal tests. The aim of this
paper was to estimate diagnostic sensitivities and specificities of the different tests used
within this surveillance program. In the absence of a perfect test with 100% sensitivity and
100% specificity, thus in the absence of a gold standard, a Bayesian latent class approach
with two different datasets was performed. The first dataset included 389 animals, tested
with single intra-dermal comparative cervical tuberculin (SICCT) test, PCR and pathology;
the second dataset contained 175 animals, tested with single intra-dermal cervical tubercu-
lin (SICT) test, Bovigam assay, pathology and culture. Two-way conditional dependencies
were considered within the models. Additionally, inter-laboratory agreement (five officially
approved laboratories) of the Bovigam assay was assessed with Cohen’s kappa test (21
blood samples). The results are given in posterior means and 95% credibility intervals. The
specificities of the SICT test, SICCT test, PCR and pathology ranged between 75.8% [68.8–
82.2%] and 99.0% [96.8–100%]. The Bovigam assay stood out with a very low specificity
(6.9% [3.6–11.1%]), though it had the highest sensitivity (95.7% [91.3–99.2%]). The sensi-
tivities of the SICCT test, PCR, SICT test, pathology and culture varied from 57.8% [48.0–
67.6%] to 88.9% [65.5–99.7%]. The prevalences were 19.8% [14.6–26.5%] (three-test data-
set) and 7.7% [4.2–12.3%] (four-test dataset). Among all pairwise comparisons the highest
agreement was 0.62 [0.15–1]). In conclusion, the specificity of the Bovigam assay and the
inter-laboratory agreement were lower than expected.
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Introduction
Bovine tuberculosis (bTB) which is caused byMycobacterium caprae andMycobacterium bovis
is an important public and animal health problem and an international trade issue in Europe
and worldwide [1–6]. Therefore, using reliable, fast and cost-effective diagnostic methods is
essential for the control of bTB.
National control programs rely on testing of cattle and removal of animals which are diag-
nosed as positive [7]. Infected animals are detected with tuberculin skin tests or the Bovigam1
gamma-interferon (IFN-č) assay. The tuberculin skin test, the prescribed test for international
trade, is used as a single intradermal cervical tuberculin (SICT) test or single intra-dermal
comparative cervical tuberculin (SICCT) test in Europe and as caudal fold tuberculin (CFT)
test in North America, Australia and New Zealand [7, 8]. Accuracy of the skin tests varies
widely due to different factors, affecting the host and the test itself. The exact estimation of the
test characteristics in the field is therefore difficult [8–10]. However, the intradermal skin tests
normally have a high specificity although sensitivity can be somewhat lower [9]. The low test
sensitivity and the logistics of holding cattle for 3 days to read the test has led to the develop-
ment of the Bovigam1 assay, in 1985 [11]. Australia was the first country to officially accept
this test for the diagnosis of bovine tuberculosis in 1991 [11]. In comparison to the skin test
the Bovigam1 assay almost always showed a better sensitivity but an equal or inferior specific-
ity. The Bovigam1 assay is supposed to have the ability to detect bTB earlier in the course of
infection [11, 12]. In many countries it is used for serial or parallel testing together with the
intradermal skin tests [7, 13]. For post-mortem diagnosis of previously positive-tested animals,
bacteriological culture and PCR can be used following necropsy [1, 14, 15].
In many countries the test-and-cull regime led to the status Officially Bovine Tuberculosis
free (OTF) [9, 16, 17]. Germany reached this status in 1997 [18]. Owing to the OTF status
nationwide periodic surveillance using intradermal skin testing was replaced with surveillance
by official meat inspection at the abattoir [19, 20]. Remarkably, there is an apparent increase of
bTB cases since 2007, many of them detected during routine meat inspections and with a par-
ticular high prevalence in the southern part of Germany. These unexpected bTB cases led to a
revision of the tuberculosis regulations in 2009, 2012 and 2013 with commencement of the act
in 2009, 2013 and 2014. Within this revision the Bovigam1 assay and the PCR were added as
new diagnostic methods. Furthermore, the increase of bTB cases lead to the implementation
of a one-time tuberculosis surveillance program in Germany in 2012 to verify the nation’s
OTF status [21]. At the beginning of this surveillance program the SICCT test or a serial testing
with the SICT test and the Bovigam1 assay were used for ante-mortem diagnosis [22]. This
was the first time that the Bovigam1 assay was used as a field test in Germany. However, as a
consequence of irregular test results, the testing regime was changed in March 2013 with the
SICCT test as the only ante-mortem test. Moreover, the PCR analysis as described in the
national Official Collection of Methods was used since then as additional post-mortem method
[1, 22–24].
As described in the literature the sensitivities and specificities of bTB diagnostic tests vary
widely [12, 13, 25, 26]. This leads to difficulties in identifying truly infected animals as well as
in identifying risk factors for bTB [27]. Diagnostic accuracies of bTB diagnostic tests are often
estimated using bacteriological culture as the so-called gold standard for confirmation of bTB
[26, 28–30]. A gold standard is considered as a test that has known properties with a high sen-
sitivity and specificity. Because bacteriological culture has limitations in sensitivity this may
lead to a misclassification of data [13, 31]. By using a latent class approach the test characteris-
tics can be assessed in the absence of a gold standard [32–34]. This latent class approach can be
used within a Bayesian model and is based on multiple tests performed on the same animals.
Diagnostic tests of bovine tuberculosis and estimating test characteristics
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"Latent class" refers to the fact that the true disease state is always hidden [35]. In the Standard
Operating Procedure for OIE Registration of Diagnostic Kits the Bayesian inference and latent
class models are described to use for estimation of diagnostic sensitivities and specificities [36].
The aim of this study was to assess the diagnostic accuracies of the tests used within the
bTB surveillance program in Germany between 2010 and 2014. To the best of our knowledge a
latent class analysis for the diagnostic tests of bTB has never been applied in Germany.
Material andmethods
With the aim to obtain robust diagnostic test accuracy estimates for different pre- and post-
mortem tests diagnosing bovine tuberculosis, a Bayesian latent class approach was performed.
Regarding the Bovigam1 assay agreement between blood samples tested by five different lab-
oratories and between blood samples taken from two different anatomical locations was
assessed with Cohen’s kappa coefficient.
Ethics statement
The test results which were used for the Bayesian latent class approach were collected within
the context of the officially ordered tuberculosis-surveillance program ("Untersuchungspro-
gramm: Rindertuberkulose in den Landkreisen der Alpenkette; AZ: 42a-G8755-2013/2-450)
prior to this study and were not specifically taken for the purpose of this study. The program
was conducted according to Directive 64/432/EEC on animal health problems affecting intra-
EU trade in bovine animals and swine, Council Directive 80/219/EEC of 22 January 1980
amending Directive 64/432/EEC as regards tuberculosis and brucellosis and Council Directive
97/12/EC of 17 March 1997 amending and updating Directive 64/432/EEC on health problems
affecting intra-Community trade in bovine animals and swine [37–39] to verify the OTF
status.
The data used for the Bovigam1 assay agreement existed prior to our research. The blood
samples were taken in the context of the study "Optimierung der Methode Bovigam1—Test
beim Rind—vergleichende Untersuchungen an 21 Tieren des Betriebs Spitalhof, Kempten"
which was carried out by the Institute for Infectious Diseases and Zoonoses, Department of
Veterinary Science, LMUMunich under the direction of Prof. Dr. med. vet. Reinhard K.
Straubinger, Ph.D and were approved by the government of Upper Bavaria (approving author-
ity for animal research). According to the approval no. 5.2-1-54-2532.3-26-13 there is no con-
flict with animal protection law.
Bayesian latent class models
Animal samples. Out of 5736 animals tested between 2012 and 2014 in the districts Ober-
and Ostallga¨u (Bavaria), two data subsets with test results from multiple tests run in parallel
were chosen. The first dataset comprised test results from 175 animals which had been tested
from December 2012 to March 2013 by the SICT test, the Bovigam1 assay, culture and patho-
logical examination. The second dataset comprised test results from 389 animals which had
been tested from April 2013 to February 2014 by the SICCT test, the PCR and which have
been examined pathologically. The data was collected as binary data and to some extent, for
the SICT test, the SICCT test and the Bovigam1 assay, also as metric data.
Diagnostic tests. The SICT test and the SICCT test were performed by field or official
veterinarians. Examination of the test results were carried out in accordance to Commission
Regulation (EC) No 1226/2002 of 8 July 2002 amending Annex B to Council Directive 64/
432/EEC [15]. For the skin tests 0.1 ml of bovine respectively bovine and avian Purified Pro-
tein Derivate (PPD) (Wirtschaftsgenossenschaft Deutscher Tiera¨rzte eG) was injected
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intradermally in the neck or shoulder of the cattle. For the latent class analysis the inconclusive
reactors were assigned twice, once as negative reactors (standard interpretation) and once as
positive reactors (severe interpretation). An inconclusive reactor means an increase of skin
thickness between 2 and 4 mm (SICT test) respectively 1 and 4 mm (SICCT test) and no occur-
rence of clinical signs.
For the Bovigam1 assay heparinized blood was taken two to 28 days (mean of 8.45 days)
after the SICT test by field practitioners. The blood was sent within 6 to 7 hours at room tem-
perature to the laboratory of the Bavarian Health and Food Safety Authority. The Bovigam1
assay was carried out according to the manufacturer’s instructions. In brief, the blood samples
were stimulated overnight with avian and bovine PPD. IFN-č production of the lymphocytes
was then determined by using a sandwich ELISA. Identification of infected animals based on
the prescription in the manufacturer’s user manual for Germany. This means that the mean
optical density (OD) of a sample being stimulated with bovine PPD minus the OD of the same
sample stimulated with avian PPD, was greater or equal 0.1.
The pathological examinations were performed at different places (pathology of the Bavar-
ian Health and Food Safety Authority, carcass disposal plants) by veterinarians. Attention was
given to the retropharyngeal lymph nodes, lung, gut, spleen, kidneys, liver and the associated
lymph nodes as well as organs or lymph nodes with pathological-anatomical changes.
For polymerase chain reaction (PCR) samples were collected during necropsy from the ret-
ropharyngeal lymph nodes, lung, gut, spleen, kidneys, liver and the associated lymph nodes.
Furthermore, pieces of organs or lymph nodes with pathological-anatomical changes were
taken [23]. All samples were investigated in the laboratory of the Bavarian Health and Food
Safety Authority. To increase the detection of mycobacteria samples with pathological findings
were homogenized. From inconspicuous samples approximately 25 mg were used for DNA
extraction. PCR aiming at detectingMycobacterium tuberculosis complex-pathogens was per-
formed for each sample separately according to the Official Collection of Methods [1]. The tar-
geted sequences for PCR amplification are a hypothetical helicase and the insertion element
(IS) 1081 [40, 41]. According to the official guidelines, results were interpreted as positive if
both target sequences were found, as inconclusive if only one target sequence or only weak
PCR signals were detected and as negative if no signals were observed. In agreement with the
Friedrich-Loeffler-Institute (FLI) single runs were performed for each organ / lymph node.
Bacteriological culture was performed according to the Official Collection of Methods [1].
Organs were cultured as aggregate samples, except for organs with macroscopic lesions, which
were cultured separately. As liquid media BD BACTEC™MGIT™ was used. Lo¨wenstein-Jensen
and Stonebrink agar slants were used as solid culture media.
Statistical analysis. A Bayesian latent class approach assuming no gold standard, i.e. a
perfect diagnostic test without any misclassification, was performed for the three-test dataset
(SICCT test, PCR, necropsy) and the four-test dataset (SICT test, Bovigam1 assay, necropsy,
culture). The skin tests were considered with both their standard and severe interpretation,
separately. In total, for the four-test dataset, there were four sensitivities, four specificities, one
prevalence and twelve two-way covariances to be estimated, leading in total to 21 unknown
parameters [42]. For the three-test dataset there were three sensitivities, three specificities, one
prevalence and six two-way covariances to be estimated, leading in total to 13 unknown
parameters. Due to the principle of parsimony, higher order terms of covariances were not
considered. The specificity of culture was fixed to “1”, assuming that no false positive test result
exists. This reduces the number of parameters to be estimated for the four-test dataset. For all
other estimable parameters, first uninformative beta priors (1,1) were utilized. Second, infor-
mative priors basing on expert opinion and published test accuracies [9, 10] were utilized for
the sensitivities and specificities of the SICT and the SICCT test. This was done for sensitivity
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analysis, respectively, for setting constraints to have still an identifiable model for the three-test
dataset with taking the covariances into account [42]. To incorporate the prior information
beta distributions (a,b), modeled by beta buster (http://252s-weblive.vet.unimelb.edu.au:3838/
users/epi/beta.buster/), were used. For the SICT test we assumed—being 95% sure—that the
sensitivity is greater than 50% with a mode at 70% (a = 13,3221; b = 6,2809) and that the speci-
ficity is greater than 70% with a mode at 85% (a = 23.903, b = 5.042). Similarly, for the SICCT
test we assumed that the sensitivity is greater than 45% with a mode at 65% (a = 12.1979, b =
7.0296) and the specificity is greater than 80% with a mode at 90% (a = 42.5732, b = 5.6192).
The presence of conditional dependencies between tests was checked by assessing separately
the impact of each covariance term compared to a covariance term set to 0 on the other esti-
mates. Presence of conditional dependencies was assessed graphically (histograms). Addition-
ally, to assess if higher-level conditional dependencies potentially affect the results, random
effect models based on the model from Qu et al. 1996 were also explored using the R package
randomLCA [43, 44].
Model selection was based on DIC (Deviance Information Criterion) with lower values
indicating a better model fit. For a sensitivity analysis of the three-test dataset considering the
covariances uninformative priors were used. The best fitting model of the four-test dataset was
additionally run with a higher cut off of the Bovigam1 assay (OD difference 0.2 instead of
0.1). Due to missing values for continuous Bovigam1 assay results, only 171 animals could be
included. The models were implemented in JAGS (Just Another Gibbs Sampler) version 3.4.0
for Markov Chain Monte Carlo Simulation (http://mcmc-jags.sourceforge.net/), the software
R version 3.0.3 (https://www.r-project.org/) and the package coda [45]. The model code is
given in the supplementary online material (S1 Text). For all models the first 20,000 iterations
were discarded as burn-in and based on the next 200,000 iterations the posterior distributions
of the unknown parameters were derived. Three chains were run from different starting
points. Convergence was checked visually by inspecting the density plots of the three chains.
The positive and negative predictive values of the skin tests (standard and severe interpreta-
tion), Bovigam1 assay (OD difference 0.1 and 0.2), PCR, necropsy and culture were derived
based on the estimated prevalence and posteriors obtained from the different models.
Kappa test of agreement
Animal samples and testing. Blood was taken from 21 cows (Braunvieh breed) at six dif-
ferent time points from the V. jugularis. All animals belonged to one farm and were tested pre-
viously as positive or inconclusive with the SICT test. On two time points the blood was
additionally taken from the V. caudalis mediana resp. V. subcutanea abdominis. Immediately
after collection, the blood was sent to five laboratories, all over Germany. After arriving at the
laboratories the blood was directly examined with the Bovigam1 assay. Due to the fact that
the laboratories were distributed all over Germany the time between blood collection and fur-
ther examination was between 4 to 29 h with a median of 8.0 h. The samples were not blinded.
Statistical analysis. To determine if the laboratories were classifying approximately the
same proportion of individuals as positive, first McNemar’s test was applied for each given
time point between all possible pairwise laboratory comparisons [46]. McNemar’s test was
performed with the software R version 3.0.3 (https://www.r-project.org/) with the package
exact2x2 [47]. For the inter-laboratory agreement the time point with the best accordance of
the proportion of positive test results was chosen to determine Cohen’s kappa. Also the agree-
ment between the test results of the Bovigam1 assay from the differing localizations was esti-
mated using McNemar’s test and Cohen’s kappa. Cohen’s kappa was calculated online with
Graphpad software (http://graphpad.com/quickcalcs/kappa2/).
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Results
Bayesian latent class models
The raw data, comprising the dichotomized test results of the four-test and the three-test data-
set, are presented in S1 and S2 Tables.
Four-test dataset. Posterior means and corresponding 95% credibility intervals resulting
from Bayesian latent class models are shown in Table 1.
There was no evidence, based on DIC and visual inspection of covariance histograms that
including any covariance term led to a better model fit (S3 Table and S1 Fig). Including covari-
ance terms did also not alter the posterior means. Adding random effects to model higher level
conditional dependencies did not improve model fit.
If informative instead of flat priors were used for SICT test the DIC decreased slightly
(392.6 instead of 393.7) and the posterior means were only marginally affected. If a higher cut-
off of 0.2 instead of 0.1 for the Bovigam1 assay was applied, then the sensitivity of the Bovi-
gam1 assay decreased from 95.7% (91.3–99.2%) to 83.3% (74.2–93.5%) and the specificity
increased from 6.9% (3.6–11.1%) to 23.5% (17.4–30.3%). The estimated posteriors of the other
tests and the prevalence differed maximally around 0.4%. The dichotomized test results are
presented in S4 Table. When interpreting the inconclusive test results of the SICT test as posi-
tive the specificity of the SICT test was extremely low with 4.1% (1.7–7.5%).
The positive and negative predictive values for the SICT test (standard and severe interpre-
tation), Bovigam1 assay (cut-off 0.1 and 0.2), necropsy and culture are presented in S5 Table.
Three-test dataset. The posterior sensitivities and specificities for the three-test dataset
resulting from the Bayesian latent class models are presented in Table 2. With the incorporated
informative priors the sensitivity of the SICCT test increased by 2%. The estimated test character-
istics of the other tests were only marginally affected. With regard to the histograms (S2 Fig), the
posteriors and the DIC (S6 Table) dependence between the sensitivity of the PCR and necropsy
seemed to be the most likely. Within this model the sensitivities of the PCR and the necropsy
decreased and the prevalence increased. The remaining posteriors range around the same values.
By running this model with flat priors the DIC increased to 754.8 instead of 750.7 and the
sensitivities of PCR and necropsy decreased around 5.4% and 6.0%. The other estimated
Table 1. Prevalence and diagnostic test accuracies of different models considered from the dataset with 175 animals tested with SICT test, Bovi-
gam assay, culture [sp = 100%] and necropsy.
Model Prevalence (95%
CI)
SICT test (95% CI) Bovigam assay (95% CI) Culture (95% CI) Necropsy (95% CI)
se sp se sp se sp Se sp
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Model 1: SICT test [standard interpretation, uninformative priors], Bovigam assay [cut-off = 0.1], culture [sp = 100%], no covariances
Model 2: SICT test [standard interpretation, informative priors], Bovigam assay [cut-off = 0.1], culture [sp = 100%], no covariances
Model 3: SICT test [standard interpretation, uninformative priors], Bovigam assay [cut-off = 0.2], culture [sp = 100%], no covariances
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parameters differed maximal around 2%. The density plots of the estimated probability distri-
butions showed better convergence for the model with the SICCT test as standard interpreta-
tion. The specificity for the SICCT test was extremely low with 12.0% (8.7–15.8%) for the
severe interpretation.
The positive and negative predictive values for the SICCT test (standard and severe inter-
pretation), PCR and necropsy based on the estimated posteriors and prevalence of the three
test data set can be found in S7 Table.
Inter- and intra-laboratory agreement
The raw data utilized for assessing agreement between the different laboratories and the differ-
ent localizations are presented in S8 and S9 Tables. Based on McNemar’s test to assess if the
proportions of samples classified as positive differed significantly between the laboratories or
the anatomical location, the time point with most non-significant tests was chosen (Table 3)
[46]. Estimated p-values for McNemar’s test ranged from 0.03 to 1.00. The inter-laboratory
agreement between Laboratory 2 and 3 reached a Cohen’s kappa value of 0.62 (95% confidence
interval from 0.15 to 1.00). The other agreements constituted between -0.16 (95% confidence
interval from -0.32 to -0.01) and 0.38 (95% confidence interval from 0.01 to 0.76).
For the agreement between the varying localizations nearly all McNemar’s tests are non-sig-
nificant (Table 4), thus indicating the proportion of positive test results did not significantly
differ between the laboratories. One estimated p-value based on McNemar’s test was 0.03, giv-
ing evidence that there is a disagreement between the two proportions of Bovigam1 test
results [46]. The best agreement was seen for Laboratory 3 by comparing the Bovigam1 assay
results between the blood of the V. jugularis and V. subcutanea abdominis (1.00). Also the
agreement between the results of the V. jugularis and the V. caudalis mediana of this laboratory
reached at least a Cohen’s kappa value of 0.62 (95% confidence interval from 0.00 to 1.00). Lab-
oratory 5 had a substantial agreement by the comparison between V. jugularis and V. caudalis
mediana. All other agreements were below 0.54 indicating a poor to moderate agreement.
Discussion
Due to the detection of bovine tuberculosis at several occasions during regular abattoir meat
inspections in the Allga¨u region, a new tuberculosis control program was implemented in
Table 2. Prevalence and diagnostic test accuracies of different models considered from the dataset with 389 animals tested with SICCT test [stan-
dard interpretation], PCR and necropsy.
Model Prevalence (95% CI) SICCT test (95% CI) PCR (95% CI) Necropsy (95% CI)
se sp se sp se sp
1 17.3 (13.5–21.5) 55.5 (43.3–67.7) 91.7 (88.3–94.6) 80.6 (69.1–90.6) 99.2 (97.6–100) 90.6 (80.6–98.0) 99.1 (97.2–100)
2 17.2 (13.4–21.4) 57.5 (46.5–68.1) 91.5 (88.4–94.2) 80.6 (69.1–90.6) 99.1 (97.5–100) 90.7 (80.7–98.0) 99.1 (97.2–100)
3 19.8 (14.6–26.5) 57.8 (48.0–67.6) 92.8 (89.2–96.3) 70.6 (52.0–86.0) 99.0 (97.4–99.9) 78.4 (58.6–93.7) 98.9 (96.8–100)
4 21.8 (15.1–30.9) 56.1 (46.3–66.2) 94.5 (89.7–99.5) 65.2 (44.6–84.5) 99.0 (97.4–99.9) 72.4 (49.8–92.5) 99.0 (96.9–100)
5 15.6 (11.4–20.2) 94.9 (89.5–98.8) 12.0 (8.7–15.8) 87.9 (73.0–99.4) 98.8 (96.9–100.0) 92.2 (81.3–99.6) 97.6 (94.6–99.9)
Model 1: SICCT test [standard interpretation, uninformative priors], no covariances
Model 2: SICCT test [standard interpretation, prior information of se and sp], no covariances
Model 3: SICCT test [standard interpretation, prior information of se and sp], covariance between sensitivity PCR and necropsy
Model 4: SICCT test [standard interpretation, uninformative priors], covariance between sensitivity PCR and necropsy
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November 2012 in Germany. Within this testing regime the Bovigam1 assay was performed
for the first time as a field test in Germany. The test results gained from this control program
were utilized to estimate the sensitivities and specificities of the different tests with a latent
class analysis. This was especially of interest as the persons involved in this testing program
recognized contradictory test outcomes for the Bovigam1 assay which led to distrust and ter-
mination of the testing with the Bovigam1 assay. These contradictory test outcomes seem to
be corroborated by the raw data presented in S1 Table, where out of 175 tested animals 115
were diagnosed positive only with the Bovigam1 assay.
The estimated test characteristics of the SICT and the SICCT test, the PCR, necropsy and
culture are in line with already published data [9, 10, 13, 28, 31, 48, 49]. For the Bovigam1
assay an extremely low specificity was estimated. In this population with an estimated true
prevalence of 7.7 the positive predictive values of the Bovigam1 assay would be 7.9% (OD dif-
ference of 0.1) respectively 8.54% (OD difference of 0.2).
This finding could be corroborated with additional intra- and inter-laboratory testing of
agreement.
In this study no-gold-standard-models, relying on Bayesian latent class approaches, which
are increasingly used in medical and veterinary sciences, were used [50, 51]. The specificity of
the culture was set at 100%, as a positive result is assumed to be truly positive [7]. The best
Table 3. Comparison of the Bovigam assay test results from five different laboratories by the calculated p-value based onMcNemar’s test,
Cohen’s kappa values with the 95% confidence interval and the proportions of the test results of one given time point.
Comparison between: p-value Kappa CI Proportions of test resultsa
pos/pos neg/neg disconcordant
Lab 1 / Lab 2 0.69 0.31 -0.12 to 0.74 57% 14% 29%
Lab 1 / Lab 3 0.38 0.30 -0.15 to 0.74 63% 11% 26%
Lab 1 / Lab 4 1.00 0.26 -0.23 to 0.75 61% 11% 28%
Lab 1 / Lab 5 0.75 0.00 -0.42 to 0.42 38% 14% 48%
Lab 2 / Lab 3 1.00 0.83 0.50 to 1.00 79% 16% 5%
Lab 2 / Lab 4 1.00 0.26 -0.23 to 0.75 61% 11% 28%
Lab 2 / Lab 5 0.22 0.38 0.01 to 0.76 52% 19% 29%
Lab 3 / Lab 4 1.00 0.09 -0.42 to 0.61 63% 6% 31%
Lab 3 / Lab 5 0.06 0.41 0.05 to 0.77 58% 16% 26%
Lab 4 / Lab 5 0.45 0.11 -0.33 to 0.55 50% 11% 39%
Lab, Laboratory; neg, negative; pos, positive; CI, 95% conﬁdence interval
aThe number of analyzable test results ranged from 16–21 animals
https://doi.org/10.1371/journal.pone.0179847.t003
Table 4. Comparison of the Bovigam assay test results between differing localizations by calculating p-values based onMcNemar’s test and
Cohen’s kappa values.
Lab 1 Lab 2 Lab 3 Lab 4 Lab 5
V.j. / V.s.a. p-value 1.00 0.13 1.00 0.38 0.03
kappa 0.29 0.41 1.00 0.46 0.37
CI -0.12–0.72 0.00–0.86 1.00–1.00 0.03–0.83 0.08–0.74
V.j. / V.c.m. p-value 0.45 0.63 0.50 1.00 0.25
kappa 0.16 0.54 0.62 -0.03 0.70
CI -0.22–0.59 0.03–0.90 0.00–1.00 -0.37–0.43 0.36–1.00
V.j.: V. jugularis; V.s.a.: V. subcutanea abdominis; V.c.m.: V. caudalis mediana; CI: 95% conﬁdence interval
https://doi.org/10.1371/journal.pone.0179847.t004
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fitting model was chosen by DIC. Additionally, as the DIC has its limitations, histograms and
posteriors were evaluated [52–54]. In order to comply with good statistical practice all possible
two way covariances were taken into account [55]. A conditional dependency could only be
seen between the sensitivity of PCR and necropsy. These two examination methods do not rely
on similar biological basics, but were related as sample selection and sample size for the PCR
were associated with pathological examination. Due to the fact that both datasets were quite
small, conditional dependence between other tests could not be excluded. Inclusion of prior
information of the SICT test, for a sensitivity analysis of the four-test dataset, did not influence
the posteriors. For the three-test dataset the DIC increases by running a sensitivity analysis
with flat priors, indicating a worse model fit. As already shown by A´lvarez et al. [10] the test
characteristics of the skin tests alter with a severe interpretation insofar that the sensitivity
increases and the specificity decreases. Within our data a strong shift to lower specificities
could be seen for the severe interpretation of the skin tests. This outcome seems to be data
driven, as in both datasets most of the animals had an inconclusive skin test result. Therefore
and because of the poorer convergence for the models with severe interpretation, which could
be due to the small amount of true positive test results, the focus was set on the skin tests stan-
dard interpretation.
For the skin tests, PCR, necropsy and culture, the estimated sensitivities and specificities
are in accordance of test characteristics from other publications [9, 10, 13, 28, 31, 48, 49]. The
wide credibility intervals for the sensitivities (19.6 to 45.6) could be explained by the small data
pool of true positive animals. With regard to the estimated test characteristics of the skin tests
it has to be considered that these could have been affected by the performance of the skin tests
[56]. The test characteristics of the pathological examination were within both datasets 76.8%
(51.6–94.4%) and 78.4% (58.6–93.7%), respectively, for the sensitivity and around 99.0%
(96.8–100%) for the specificity. The fact that the pathological examination was done in differ-
ent localizations from different persons as well as the small data pool of true positive animals
explains the wide credibility interval for the sensitivity. This spectrum bias appears to be pres-
ent in both subpopulations. Within our estimated test characteristics the SICCT test is less sen-
sitive although more specific than the SICT test. PCR and necropsy are less sensitive than
culture. Therefore, culture is still an essential diagnostic tool.
In the literature the test characteristics of the Bovigam1 assay are stated as between 66.9–
100% for sensitivity and 70–99.6% for specificity [9, 12, 49]. We estimated a quite high sensi-
tivity of 95.7% (91.3–99.2%), but an extremely low specificity of 6.9% (3.6–11.1%). This stands
in line with the experience of the persons involved in the bovine TB testing. With setting the
cut-off higher an increase in the specificity was expected, as already reported by others [57,
58]. Indeed, the specificity raised to 23.5% (17.4–30.3%) thereby the sensitivity decreased to
83.3% (74.2–93.5%), This shows again that the model itself is robust. To our knowledge such
low specificities were never recognized before for the Bovigam1 assay. Although it was
already stated that the Bovigam1 assay is more sensitive, but less specific than the SICCT test
[59]. And it was shown that fewer than 20% of the animals tested positive in the Bovigam1
assay were also positive in culture or pathology [60]. Van Dijk [61] showed that the Bovigam1
assay is likely to have false positive results and this in a higher amount than the SICCT test.
With a decrease of the prevalence the amount of false positive test results even increases [61].
Among the influential factors discussed in literature a previously performed skin test is dis-
cussed to have an effect on the specificity of the Bovigam1 assay. Within our study the SICT
test was performed two to 28 (mean of 8.45 days) days prior to the Bovigam1 assay. Several
studies discuss the effect of a previous skin test (either CFT test or SICCT test) towards the
IFN-č production in natural or experimental infected cattle. Whereas the CFT test leads to a
clear increase of IFN-č production, this influence is not obvious after the SICCT test [62]. The
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previously performed skin test in this study may have had an impact on the estimated specific-
ity within the examined subpopulation. A genetic influence and an association between the
breed and the outcome of the SICCT test were reported by Amos et al. [63]. This was not seen
for the Bovigam1 assay [64]. An influence of breed and genetics might be present in the All-
ga¨u region, but further investigations have to be made to confirm this. The Bovigam1 assay
was only carried out within the regions Ober- and Ostallga¨u during November 2012 until
March 2013. This regional and seasonal limitation could have had an impact on the high
amount of false positive test results [64, 65]. The correlation between season and occurrence of
saprophytic mycobacteria might be associated with this [66, 67]. Moreover, infections with
Mycobacterium avium subspecies paratuberculosis (MAP) may lead to false positive results for
the Bovigam1 assay [68]. Since the tested animals have not been examined for a concurrent
MAP infection this impact could not be excluded. Furthermore, an infection with Fasciola
hepatica is also reported to influence the IFN-č response. Although this is until now only stated
for the skin test and in context of false negative test results [69]. The specificity of the Bovi-
gam1 assay tests varies also with the concentration and potency of PPDs [70], which can dif-
fer remarkably [71, 72]. These influences might explain to some extend the estimated low
specificities of the Bovigam1 assay. Besides, the fact that bovine tuberculosis, in the regions
Ober- and Ostallga¨u was caused byMycobacterium caprae may have influenced the Bovigam1
assay results, too, as bovine tuberculosis in other regions worldwide is predominantly caused
byMycobacterium bovis. However, the low inter- and intralaboratory agreements between the
Bovigam1 assay outcomes could not be fully explained by this. The transportation time as
well as the experience seems to influence the Bovigam1 assay test outcomes, as between the
laboratories with the shortest transportation time (Laboratory 3, data not shown) and the most
experience (Laboratory 2 and 3, data not shown) the best, but still only substantial agreement
was estimated. By comparing the intralaboratory agreement between the different laboratories
again the laboratory with the most experience and the shortest transportation time (Laboratory
3) had the best agreement between the results of the blood taken from the V. jugularis and the
V. subcutanea abdominis. A longer storage or transportation of the blood samples might lead
to a decrease in the mean OD or the IFN-č production [73–75]. With regard to the sensitivity
and specificity of the Bovigam1 assay several studies state that blood could also be processed
24 h later without statistical significant changes [76, 77]. However, Laboratory 3 reached also
only a substantial agreement of 0.62 between the Bovigam1 assay test results of the V. jugu-
laris and the V. caudalis mediana. As for the intralaboratory agreement only the localization of
the blood collection altered, much better accordance between the Bovigam1 assay test results
were expected, as blood taken from differing localizations should not differ [78, 79]. But the
smaller diameter of the tail vain could lead to more damage and therefore micro-clotting,
resulting in captured lymphocytes and therefore lower IFN-č release [80]. Despite, there are
conflicting views if an equal distribution of all lymphocyte subpopulations all over the body
can be assumed in general. Regarding this, it must be taken into account that a blood sample
can only give a snapshot. Although all five laboratories were officially approved none of them
reported good concordance for the Bovigam1 assay test results. It seems that the Bovigam1
assay is a diagnostic tool with some disadvantages. Many influences including external factors
(MAP, saprophytic mycobacteria, previous skin test and genetic components) and factors
directly connected with the test performance, as the concentration of the PPDs, transportation
time of the blood, localization of blood collection and also the experience of the laboratories
might lead to differing test results. A higher specificity of the Bovigam1 assay, especially in
low prevalence herds and animals having a co-infection with MAP, can be achieved by using
the proteins ESAT6 and CFP10 instead of PPDa and PPDb [68, 81]. Also working out and
evaluating an individual test performance (proteins, protein concentration, cut-off etc.) for
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each Bovigam1 assay application as a field test might lead to better test characteristics [64,
70]. This could be demonstrated in this study in so far as the specificity increased by setting
the cut-off to 0.2.
To our knowledge the use of a latent class analysis for the estimation of test characteristics
for bTB diagnostic tests was never done before in Germany. An important strength of this
study is that the data were gained from surveillance and therefore originates from a special epi-
demiologic situation. But this means also that only a subpopulation was tested and the animals
were not chosen randomly. According to this background information our findings cannot be
generalized. Additionally a new version of the Bovigam1 assay has been developed since 2013
to which our findings cannot be transferred [82].
Conclusion
With this latent class analysis the test characteristics of different diagnostic tests used in the
current bovine TB outbreak in Southern Germany could be estimated. Within this study an
extremely low specificity and a low inter- and intralaboratory agreement were estimated for
the Bovigam1 assay. These findings might be due to influences affecting the environment or
the immune system of the cow. Also factors that are associated with the testing procedure and
the laboratories chosen might have had an effect. Therefore, the change during the testing
regime towards SICCT test as only ante-mortem test was correct and founded. Despite the fact
that the Bovigam1 assay has been further advanced, a previous test evaluation prior to future
surveillance programs is highly recommended. The estimated test characteristics for the other
tests were in an acceptable range.
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S1 Text: Bayesian latent-class model code for four diagnostic tests 
####################################################### 
##Definition of the variables in the model 
####################################################### 
var p[N], q[N,8], pr[N], L[N],checks[N,16];  
#N <- observations  
# p <- individual samples 
# q <- different combinations of test results 
# pr <- prevalence 
# s <- test sensitivities 
# c <- test specificities 
#  cs <- conditional dependency between tests sensitivities 
#  cc <- conditional dependency between tests specificities 
# mobokupa <- data set name 
####################################################### 
## Modelling the different probabilities of combinations of tests results  
####################################################### 
model { 

































   
####################################################### 
## Check and correct potential errors of probabilities exceeding (0,1) bounds  
####################################################### 
 
  checks[i,1]<- s1*s2*s3*s4+cs12+cs13+cs23+cs14+cs24+cs34; 
  checks[i,2]<- (1-c1)*(1-c2)*(1-c3)*(1-c4)+cc12+cc13+cc23+cc14+cc24+cc34; 
  checks[i,3]<- s1*s2*s3*(1-s4)+cs12+cs13+cs23-cs14-cs24-cs34; 
  checks[i,4]<- (1-c1)*(1-c2)*(1-c3)*c4+cc12+cc13+cc23-cc14-cc24-cc34; 
  checks[i,5]<- s1*s2*(1-s3)*s4+cs12-cs13-cs23+cs14+cs24-cs34; 
  checks[i,6]<- (1-c1)*(1-c2)*c3*(1-c4)+cc12-cc13-cc23+cc14+cc24-cc34; 
  checks[i,7]<- s1*s2*(1-s3)*(1-s4)+cs12+cs13-cs23-cs14-cs24+cs34; 
  checks[i,8]<- (1-c1)*(1-c2)*c3*c4-cc12+cc13-cc23-cc14-cc24+cc34; 
  checks[i,9]<- s1*(1-s2)*s3*s4-cs12+cs13-cs23+cs14-cs24+cs34;  
  checks[i,10]<- (1-c1)*c2*(1-c3)*(1-c4)-cc12+cc13-cc23+cc14-cc24+cc34; 
  checks[i,11]<- s1*(1-s2)*s3*(1-s4)-cs12+cs13-cs23-cs14+cs24-cs34; 
  checks[i,12]<- (1-c1)*c2*(1-c3)*c4-cc12+cc13-cc23-cc14+cc24-cc34; 
  checks[i,13]<- s1*(1-s2)*(1-s3)*s4-cs12-cs13+cs23+cs14-cs24-cs34; 
  checks[i,14]<- (1-c1)*c2*c3*(1-c4)-cc12-cc13+cc23+cc14-cc24-cc34; 
  checks[i,15]<- s1*(1-s2)*(1-s3)*(1-s4)-cs12-cs13+cs23-cs14+cs24+cs34; 
  checks[i,16]<- (1-c1)*c2*c3*c4-cc12-cc13+cc23-cc14+cc24+cc34; 
  checks[i,17]<- (1-s1)*s2*s3*s4-cs12-cs13+cs23-cs14+cs24+cs34; 
  checks[i,18]<- c1*(1-c2)*(1-c3)*(1-c4)-cc12-cc13+cc23-cc14+cc24+cc34; 
  checks[i,19]<- (1-s1)*s2*s3*(1-s4)-cs12-cs13+cs23+cs14-cs24-cs34; 
  checks[i,20]<- c1*(1-c2)*(1-c3)*c4-cc12-cc13+cc23+cc14-cc24-cc34; 
  checks[i,21]<- (1-s1)*s2*(1-s3)*s4-cs12+cs13-cs23-cs14+cs24-cs34 
  checks[i,22]<- c1*(1-c2)*c3*(1-c4)-cc12+cc13-cc23-cc14+cc24-cc34; 
  checks[i,23]<- (1-s1)*s2*(1-s3)*(1-s4)-cs12+cs13-cs23+cs14-cs24+cs34; 
  checks[i,24]<- c1*(1-c2)*c3*c4-cc12+cc13-cc23+cc14-cc24+cc34; 
  checks[i,25]<- (1-s1)*(1-s2)*s3*s4+cs12-cs13-cs23-cs14-cs24+cs34; 
  checks[i,26]<- c1*c2*(1-c3)*(1-c4)+cc12-cc13-cc23-cc14-cc24+cc34; 
  checks[i,27]<- (1-s1)*(1-s2)*s3*(1-s4)+cs12-cs13-cs23+cs14+cs24-cs34; 
  checks[i,28]<- c1*c2*(1-c3)*c4+cc12-cc13-cc23+cc14+cc24-cc34; 
  checks[i,29]<- (1-s1)*(1-s2)*(1-s3)*s4+cs12+cs13+cs23-cs14-cs24-cs34; 
  checks[i,30]<- c1*c2*c3*(1-c4)+cc12+cc13+cc23-cc14-cc24-cc34;  
  checks[i,31]<- (1-s1)*(1-s2)*(1-s3)*(1-s4)+cs12+cs13+cs23+cs14+cs24+cs34; 
  checks[i,32]<- c1*c2*c3*c4+cc12+cc13+cc23+cc14+cc24+cc34; 
                      
 
  valid[i]<- step(s1+c1-1.0)*step(s2+c2-1.0)*step(s3+c3-1.0)*step(s4+c4-1.0)* 
              
             step(1-checks[i,1])*step(checks[i,1])* 
             step(1-checks[i,2])*step(checks[i,2])* 
             step(1-checks[i,3])*step(checks[i,3])* 
             step(1-checks[i,4])*step(checks[i,4])* 
             step(1-checks[i,5])*step(checks[i,5])* 
             step(1-checks[i,6])*step(checks[i,6])* 
             step(1-checks[i,7])*step(checks[i,7])* 
             step(1-checks[i,8])*step(checks[i,8])* 
             step(1-checks[i,9])*step(checks[i,9])* 
             step(1-checks[i,10])*step(checks[i,10])* 
             step(1-checks[i,11])*step(checks[i,11])* 
             step(1-checks[i,12])*step(checks[i,12])* 
             step(1-checks[i,13])*step(checks[i,13])* 
             step(1-checks[i,14])*step(checks[i,14])* 
             step(1-checks[i,15])*step(checks[i,15])* 
             step(1-checks[i,16])*step(checks[i,16])* 
             step(1-checks[i,17])*step(checks[i,17])* 
             step(1-checks[i,18])*step(checks[i,18])* 
             step(1-checks[i,19])*step(checks[i,19])* 
             step(1-checks[i,20])*step(checks[i,20])* 
             step(1-checks[i,21])*step(checks[i,21])* 
             step(1-checks[i,22])*step(checks[i,22])* 
             step(1-checks[i,23])*step(checks[i,23])* 
             step(1-checks[i,24])*step(checks[i,24])* 
             step(1-checks[i,25])*step(checks[i,25])* 
             step(1-checks[i,26])*step(checks[i,26])* 
             step(1-checks[i,27])*step(checks[i,27])* 
             step(1-checks[i,28])*step(checks[i,28])* 
             step(1-checks[i,29])*step(checks[i,29])* 
             step(1-checks[i,30])*step(checks[i,30])* 
             step(1-checks[i,31])*step(checks[i,31])* 
             step(1-checks[i,32])*step(checks[i,32]); 
              
              
 
####################################################### 
## Contribution to the likelihood for each observation 
####################################################### 
 
  L[i]<- equals(valid[i],1)*( 
           equals(mobokupa [i,2],1)*equals(mobokupa[i,3],1)*equals(mobokupa [i,4],1)*equals 
(mobokupa [i,6],1)*q[i,1] 
         + equals(mobokupa [i,2],1)*equals(mobokupa[i,3],1)*equals(mobokupa [i,4],1)*equals 
(mobokupa [i,6],0)*q[i,2] 
         + equals(mobokupa [i,2],1)*equals(mobokupa[i,3],1)*equals(mobokupa [i,4],0)*equals 
(mobokupa [i,6],1)*q[i,3] 
         + equals(mobokupa [i,2],1)*equals(mobokupa[i,3],1)*equals(mobokupa [i,4],0)*equals 
(mobokupa [i,6],0)*q[i,4] 
         + equals(mobokupa [i,2],1)*equals(mobokupa[i,3],0)*equals(mobokupa [i,4],1)*equals 
(mobokupa [i,6],1)*q[i,5] 
         + equals(mobokupa [i,2],1)*equals(mobokupa[i,3],0)*equals(mobokupa [i,4],1)*equals 
(mobokupa [i,6],0)*q[i,6] 
         + equals(mobokupa [i,2],1)*equals(mobokupa[i,3],0)*equals(mobokupa [i,4],0)*equals 
(mobokupa [i,6],1)*q[i,7] 
         + equals(mobokupa [i,2],1)*equals(mobokupa[i,3],0)*equals(mobokupa [i,4],0)*equals 
(mobokupa [i,6],0)*q[i,8] 
         + equals(mobokupa [i,2],0)*equals(mobokupa[i,3],1)*equals(mobokupa [i,4],1)*equals 
(mobokupa [i,6],1)*q[i,9] 
         + equals(mobokupa [i,2],0)*equals(mobokupa[i,3],1)*equals(mobokupa [i,4],1)*equals 
(mobokupa [i,6],0)*q[i,10] 
         + equals(mobokupa [i,2],0)*equals(mobokupa[i,3],1)*equals(mobokupa [i,4],0)*equals 
(mobokupa [i,6],1)*q[i,11] 
         + equals(mobokupa [i,2],0)*equals(mobokupa[i,3],1)*equals(mobokupa [i,4],0)*equals 
(mobokupa [i,6],0)*q[i,12] 
         + equals(mobokupa [i,2],0)*equals(mobokupa[i,3],0)*equals(mobokupa [i,4],1)*equals 
(mobokupa [i,6],1)*q[i,13] 
         + equals(mobokupa [i,2],0)*equals(mobokupa[i,3],0)*equals(mobokupa [i,4],1)*equals 
(mobokupa [i,6],0)*q[i,14] 
         + equals(mobokupa [i,2],0)*equals(mobokupa[i,3],0)*equals(mobokupa [i,4],0)*equals 
(mobokupa [i,6],1)*q[i,15] 
         + equals(mobokupa [i,2],0)*equals(mobokupa[i,3],0)*equals(mobokupa [i,4],0)*equals 
(mobokupa [i,6],0)*q[i,16] 









## Ensure the probabilities are always less than 1 
####################################################### 
 
##Since in a Bernoulli density an observation of 1 has a likelihood of p[i]  
       p[i] <- L[i] / 1;## divided by a constant just to ensure all p's <1 
       ones[i] ~ dbern(p[i]);      
  } 
 
 ####################################################### 
## Definition of model priors 
######################################################### 
 
  prc~dbeta(1,1); 
  c1~dbeta(1,1);          # Specificity SICT test 
  c2~dbeta(1,1);          # Specificity Bovigam® assay 
  c3<-1;                       # Specificity culture fixed 
  c4~dbeta(1,1);          # Specificity necropsy 
  s1~dbeta(1,1);          # Sensitivity SICT test 
  s2~dbeta(1,1);          # Sensitivity Bovigam® assay 
  s3~dbeta(1,1);          # Sensitivity culture 
  s4~dbeta(1,1);          # Sensitivity necropsy 
  
## Covariance terms 
 
  cs12<-0; 
  cs13<-0; 
  cs23<-0;#~dbeta(1,1); 
  cs14<-0; 
  cs24<-0; 
  cs34<-0; 
  cc12<-0; 
  cc13<-0; 
  cc23<-0; 
  cc14<-0; 
  cc24<-0; 
  cc34<-0; 
 
  logL<-sum(log(p[1:N]));  







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































S4 Table: Dichotomized test results of the Bovigam® assay for two different cut-offs 
Positive Negative Total 
Cut-off n % n % n 
>0.1 166 97.1 5 2.9 171 
>0.2 46 26.9 125 73.1 171 
 
S5 Table: Positive and negative predictive values of the SICT test, Bovigam® assay, 
culture [sp=100%] and necropsy calculated from the prevalence and diagnostic test 
accuracies obtained from the models of Table 1. 
Test PPV % NPV % based on model 
SICT test [standard interpretation] 19.51 96.83 1 
SICT test [severe interpretation] 8.07 96.37 4 
Bovigam® assay [cut-off = 0.1] 7.90 95.06 1 
Bovigam® assay [cut-off = 0.2] 8.54 94.25 3 
Culture - 99.08 1 
Necropsy 86.50 98.08 1 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































S7 Table: Positive and negative predictive values of the SICCT test, PCR and necropsy 
calculated from the prevalence and diagnostic test accuracies obtained from the models 
of Table 3. 
Test PPV % NPV % based on model 
SICCT Test [standard interpretation] 66.46 89.91 3 
SICCT Test [severe interpretation] 16.62 92.72 5 
PCR 94.57 93.17 3 
Necropsy 94.62 94.88 3 
PPV, positive predictive value; NPV, negative predictive value 
 
S8 Table: Test results of the Bovigam® assay from five officially approved laboratories; the 
results of the time point with the best accordance of the proportion of positive test results is 
shown 
Cow no 
Laboratory 1  Laboratory 2 Laboratory 3 Laboratory 4 Laboratory 5 
1 pos pos pos pos neg 
2 pos neg neg pos neg 
3 pos pos pos pos pos 
4 neg neg neg neg neg 
5 pos pos pos pos neg 
6 pos pos pos pos pos 
7 pos pos pos pos neg 
8 pos pos pos pos pos 
9 neg pos pos n.a. neg 
10 neg pos pos n.a. pos 
11 pos pos pos n.a. neg 
12 neg pos pos pos pos 
13 pos pos pos neg pos 
14 neg pos pos neg pos 
15 pos pos pos pos pos 
16 neg neg pos pos pos 
17 pos neg pos neg neg 
18 pos pos pos pos pos 
19 pos pos pos pos pos 
20 pos pos pos pos pos 
21 neg neg neg pos neg 
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IV. DISCUSSION 
The detection of bovine TB cases during routine abattoir inspections in Germany 
led to the implementation of a new bovine TB control program in November 2012. 
Within this program the SICCT test was performed as primary test and the 
Bovigam® assay was performed for the first time in Germany as a field test. 
Animals that were diagnosed positive with the SICCT test or the Bovigam® assay 
were slaughtered and further examinations were performed post mortem. A post 
mortem diagnosis was also performed for animals that were, within 6 weeks, twice 
diagnosed as inconclusive
6
. This approach refers to the test and slaughter policy 
which is used in many countries for the achievement or maintenance of the OTF 
status (Good, M., 2011; Humblet, M. F. et al., 2009; Ryan, T. J. et al., 2006; 
Strain, S. A. J. et al., 2011b).  
1.  Publication 1 
Since 1997, with reaching the OTF status, the regular nationwide intradermal 
tuberculin testing was replaced by routine abattoir inspections for the control of 
bovine TB (Gerstmair, E.-M., 2011). As a result, German practitioners only 
perform the tuberculin test occasionally and a lot of young veterinarians have no or 
only minor experience with the execution of the test and the interpretation of the 
results. For the success of a control program a correct execution and interpretation 
of the tuberculin tests is essential, since this can reduce false positive or false 
negative test results (Humblet, M.-F. et al., 2011; Schiller, I. et al., 2011). The aim 
of the first study was the analysis of farm-animal practitioners' current knowledge 
on the tuberculin tests technique. The majority of the veterinarians, which 
completed the questionnaire about the performance and their experience with the 
intradermal tuberculin test, execute the test with regard to the Commission 
Regulation (EC) no. 1226/2002 of 8 July 2002 amending Annex B to Council 
Directive 64/432/EEC. The veterinarians that stated the least accordance with the 
Commission Regulation do not work in the Allgäu Region or examined only single 
animals. As a consequence of increased bovine TB cases in Bavaria a one-time 
                                               
6
 Tuberkulose-Verordnung in der Fassung der Bekanntmachung vom 12. Juli 2013 (BGBl. I S. 
2445, 2014 I S. 47), die zuletzt durch Artikel 2 der Verordnung vom 17. Mai 2017 (BGBl. I S. 
1253) geändert worden ist 
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tuberculosis control program was already performed during 2007 to 2009 in the 
Allgäu Region (Gerstmair, E.-M., 2011). As the veterinarians, which were not 
working in this region, were not involved in the nationwide tuberculosis control 
program of 2007/2009, they might have less experience in the correct execution of 
the intradermal tuberculin test. The least concordance with the required standards 
was observed for the monitoring of the results. This might be due to lack of 
knowledge for the need of correct interpretation and monitoring of the intradermal 
tuberculin test. An improper interpretation of the intradermal tuberculin test can 
lead to false negative or false positive test results and will have a consequence on 
the success of a control program (Collins, J. D., 2006; Humblet, M.-F. et al., 
2011).  
The fact that 19 out of 42 veterinarians also test animals that were recently treated 
with inflammation inhibitors might be due to lack of awareness that an anti-
inflammatory treatment previous to the intradermal tuberculin test could alter the 
results (Doherty, M. L. et al., 1995). Another unconsciousness is the influence of a 
F. hepatica infection on the diagnosis on bovine TB. The majority of the
contributing veterinarians seems not to be aware of the issue that an infection with 
F. hepatica leads to an anti-inflammatory state and cattle that was experimentally
co infected with F. hepatica was more often diagnosed as negative than animals 
not infected with liverflukes (Claridge, J. et al., 2012; Flynn, R., J. et al., 2007). 
The communication between farmers and veterinarians was stated as more difficult 
during the control program implemented in 2012 than during the nationwide 
intradermal tuberculin testing which was performed until 1997. Because of 
changes in the council directive and the withdrawal of the Bovigam® assay during 
the year 2013 the uncertainty of the veterinarians and farmers with regard to the 
control program of bovine tuberculosis had increased
7,8
 (Anonymous, 2013, 
2014a). This might have led to a more difficult farmer-veterinarian relation and 
indicates the importance of information and communication for both sides. As the 
involvement of the farmer as stakeholder is crucial for the success of control 
7 Erste Verordnung zur Änderung der Tuberkulose-Verordnung (1. RindTbVÄndV k.a.Abk.) V. v. 
14.03.2013 BAnz AT 15.03.2013 V1; aufgehoben durch Artikel 1 V. v. 12.07.2013 BGBl. I S. 
2442 Geltung ab 16.03.2013 
8
 Zweite Verordnung zur Änderung der Tuberkulose-Verordnung (2. RindTbVÄndV k.a.Abk.) 
V. v. 12.07.2013 BGBl. I S. 2442 (Nr. 39); Geltung ab 20.07.2013, abweichend siehe Artikel 4
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programs a good farmer-veterinarian communication is an essential requirement 
(Collins, J. D., 2006; Cowie, C. E. et al., 2015). The subjective feeling of some 
veterinarians towards more complicated handling of the intradermal tuberculin test 
and a stricter council directive could have been provoked through the frequent 
discussion on usage of a sterile cannula for every animal and the correct injection 
site. This was also content of a proceeding which led to even more attention and 
uncertainty
9
 (Anonymous, 2015; 2014; 2015).  
Although most of the veterinarians affirm that they perform the intradermal 
tuberculin test correct, the education of veterinary students on the correct 
performance of the intradermal tuberculin tests is indispensable with the view to 
future control programs. In addition, a uniform approach based on actual literature 
and directive lectured in universities can lead to less uncertainty and discrepancies 
amongst the veterinarians confronted with such control programs. Within this 
study a guide for the execution of the intradermal tuberculin tests was designed 
and could help for the improvement of a standardized method.  
2. Publication 2 
During the bovine TB control program contradictory test results, especially related 
to the Bovigam® assay were recognized by the persons involved in this program. 
Due to these discrepancies the application of the Bovigam® assay was terminated 
and the determination of the test characteristics became of a greater interest. The 
aim of the second study was the estimation of sensitivities and specificities from 
the tests used within the bovine TB control program which was implemented in 
Germany in 2012. Due to absence of a true gold standard with 100% sensitivity 
and 100% specificity the test accuracies were estimated with a latent class 
approach used within a Bayesian model. Bayesian latent class approaches are 
increasingly used in medical and veterinary science (Courcoul, A. et al., 2014; 
Hartnack, S. et al., 2013; Hartnack, S. et al., 2014; Narad, M. E. et al., 2017). To 
the best of our knowledge a latent class analysis has never been used before for the 
estimation of test characteristics for bovine TB diagnostic tests in Germany. 
The estimated test characteristics of the SICT test were 70.3% [44.9-90.5%] for 
sensitivity and 75.8% [68.8-82.2%] for specificity. The SICCT test had an 
                                               
9 VGH München, Beschluss v. 03.07.2014 – 20 CS 14.1032 
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estimated sensitivity of 57.8% [48.0-67.6%] and an estimated specificity of 92.8% 
[89.2-96.3%]. With regard to the studies evaluated from de la Rua-Domenech et 
al. (de la Rua-Domenech, R. et al., 2006) our estimated test characteristics stand in 
line with already published data. However, the estimated values are close to the 
lower limit. This could be due to the inaccuracy in the execution and interpretation 
of the intradermal tuberculin tests performed by German practitioners during the 
bovine TB control program implemented in 2012 (Pucken, V.-B. et al., 2015). 
Especially false negative results can occur by incorrect administration, reading and 
recording of the test and will lead to a decrease in sensitivity (Humblet, M.-F. et 
al., 2011). In comparison to the SICT test the SICCT test had a higher estimated 
specificity as false positives due to the infection of other mycobacteria are already 
reduced (Rolle, M. et al., 2011). With the increased specificity the sensitivity of 
the SICCT test decreases (Brenner, H. et al., 1997).  
For the Bovigam® assay we assessed the highest sensitivity of all tests (95.7% 
[91.3-99.2%]), though also by far the lowest specificity (6.9% [3.6-11.1%]). In 
comparison to the values found in literature the estimated sensitivity stands in line 
with other studies (Álvarez, J. et al., 2012; de la Rua-Domenech, R. et al., 2006). 
Nevertheless, such a low specificity has never before been estimated for the 
Bovigam® assay. Even by setting the cut off to a higher value and thus making the 
Bovigam® assay more specific and less sensitive the specificity increased only to 
23.5% [17.4-30.3%], which still is too low to be a suitable field test in a bovine TB 
control program (Good, M., 2011). The estimated low specificity could be due to 
various reasons affecting the host and the test himself. The factors which affects 
the host and can influence the outcome of the Bovigam® assay could be a previous 
performed intradermal tuberculin test, the breed, an infection with Mycobacterium 
avium subspecies paratuberculosis (MAP) or an infection with F. hepatica (Amos, 
W. et al., 2013; Barry, C. et al., 2011; Flynn, R., J. et al., 2007; Schiller, I. et al., 
2010b). The current bovine TB outbreak could be mainly attributed to three 
different molecular types of M. caprae (Domogalla, J. et al., 2013). This might 
have had an impact on the outcomes of the Bovigam® assay as it was developed 
for the detection of M. bovis infections (Wood, P. R. et al., 2001). Although 
nothing of the mentioned influences were until now stated for a decrease of the 
Bovigam® assays specificity. However the estimated low inter- and 
intralaboratory agreements estimated with Cohen's kappa could not be explained 
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by factors affecting only the host. In this context factors affecting the test itself 
should be considered to be responsible for the estimated low agreements. These 
factors could be a delay in processing the blood sample, differing injection sites 
for taking the blood and differing concentration and potency of PPDs (Böttcher, J. 
et al., 2010; Cagiola, M. et al., 2004; Gormley, E. et al., 2004). Looking at the 
results of Cohen's kappa the transportation time as well as the experience in 
Bovigam® assay performance seems to have an influence, because the best 
agreements were estimated for the laboratories with the shortest transportation 
time and the most experience in performing the Bovigam® assay. However also 
between and within these laboratories only a substantial agreement was estimated. 
A more detailed discussion on the possible reasons for the estimated test 
characteristics of the Bovigam® assay can be found in the second publication 
(Pucken, V.-B. et al., 2017). 
The PCR had a sensitivity of 70.6% [52.0-86.0] and a specificity of 99.0% [97.4-
99.9]. A high specificity can be achieved with the decision of M. bovis and M. 
caprae specific primers and due to the fact that only the evidence of both target 
genes leads to a positive test result (Gerstmair, E.-M., 2011). In our study 
dependence between the sensitivity of the PCR and necropsy seemed to be the 
most likely. It was already reported by Parra et al. that with the appearance of 
NVL, which is correlated to the accuracy of the pathological examination and 
stage of disease, the sensitivity of the PCR decreases (Parra, A. et al., 2008). 
Owing to the fact that for the PCR examination only 1 gram of tissue is normally 
used, false negative results can additionally occur due to inhomogeneous 
distribution of mycobacteria in the examined organs. To overcome this problem 
larger sample volumes can be processed to concentrate mycobacterial DNA and 
therefore sensitivity of the PCR will increase (Fell, S. et al., 2016). In comparison 
to the PCR a slightly higher sensitivity could be estimated for necropsy (78.4% 
[58.6-93.7]), which correlates on the number of tissues examined and on the 
occurrence of NVL (Corner, L. et al., 1990; Norby, B. et al., 2004). As the 
pathological examinations were performed at different places (pathology of the 
Bavarian Health and Food Safety Authority, carcass disposal plants) and by 
different veterinarians a variation between the examiners might be probable as 
different persons might differ in the focuses on the tissue to be examined. Some 
examiner, which were involved in this tuberculosis control program, reported that 
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the majority of affected lymph nodes were the mesenteric lymph nodes and the 
lymph nodes of the intestines (Dr. Johann Mages, personal communication, May 
14
th
, 2014). The initial infection of bovine TB starts with an inflammatory process 
at the organ of the portal of entry. Furthermore the regional lymph node is affected 
due to lymphogenic spread. This primary focus together with the lesion in the 
regional lymph node is called primary complex (Menzies, F. D. et al., 2000). An 
aerogenous infection will lead to a primary focus in the lymph nodes of the head, 
the mediastinal lymph nodes and the bronchial lymph node which corresponds to 
the normal presence of lesions (Corner, L. A., 1994). Unfortunately the 
information which lymph nodes were mostly affected and collected for the further 
examination were not sufficiently documented during the bovine TB control 
program. Though cumulative occurrence of the primary focus in the intestinal and 
mesenteric lymph nodes indicates an infection through the gastrointestinal tract by 
swallowing contaminated food. The transmission of M. caprae provoked by red 
deer during pasture was discussed as one of the main transmission routes 
responsible for the increase in bovine TB cases in cattle alongside the alps 
(Boenchendorf, J. A. D., 2016; Müller, M. et al., 2014). As contaminated salt lick 
stones and shared water sources are likely for transmission, these route of infection 
might be possible and could explain the subjective perception of intestinal and 
mediastinal lymph nodes being more affected (Anonymous, 2009a; Payne, A. et 
al., 2016). Shared water sources were already reported to be significantly 
associated with bovine TB (Marsot, M. et al., 2016). The estimated specificities of 
the PCR and necropsy are 99.0% [97.4-99.9%] and 98.9% [96.8-100%] 
respectively 99.9% [96.8-100%], which made the occurrence of false positive due 
to this examination methods improbable. For the culture the highest sensitivity, in 
comparison to the other post mortem examinations, was estimated (88.9% [65.5-
99.7%]). This makes the culture still a good diagnostic tool but clearly shows that 
it is not a perfect test with 100% test accuracy. Therefore estimated sensitivities 
and specificities referring to the culture as gold standard will be over- or 
underestimated (Hartnack, S. et al., 2012).  
3. Conclusion
The success of a bovine TB control program depends on several factors as 
occurrence of a wildlife host, the correct identification of infected or uninfected 
animals and the involvement of all stakeholders (Collins, J. D., 2006; Corner, L. 
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A. L. et al., 2011; Good, M., 2011; Waddington, K., 2012). For the involvement of
all stakeholders, especially the herd owners, dialogue and risk communication is 
crucial (Collins, J. D., 2006; Cowie, C. E. et al., 2015). Hence diagnostic tests with 
high specificities are important, as a frequent culling of animals that are later 
diagnosed as negative will lead to dissatisfaction and uncertainty on the owner site. 
This might lead to poor communication between the persons that test the animals 
and the herd owner, as experienced by some veterinarians involved in the bovine 
TB program (Pucken, V.-B. et al., 2015). Due to the fact that for the Bovigam® 
assay an extreme low specificity was estimated, some herd owners were 
confronted with animals that have been slaughtered but were later on diagnosed as 
bovine TB negative. This may have caused mistrust in the premortal tests and test 
execution and might be the cause of the discussion about injection site of the 
intradermal tuberculin tests and changing of cannula after each animal
10
 
(Anonymous, 2013; 2014; 2015). Hence a uniform execution of the tests used 
within a bovine TB control program is crucial and a guideline like published with 
the first paper might help practitioners for a more standardized execution of the 
intradermal tuberculin tests. Not only high specificities are important for the 
success of a bovine TB control program. Also high sensitivities of the premortal 
tests are important, as false negative tested animals will stay in the herd and infect 
others (Skuce, R. A. et al., 2011). If a single positive animal determines the status 
of the herd as positive, herd level sensitivity (HSe) will increase even with 
imperfect diagnostic tests on the animal level (Good, M., 2011). This made the 
SICCT test with regard to the estimated sensitivities and specificities a suitable test 
for future control programs in the Allgäu Region. The decision to terminate the 
Bovigam® assay as a diagnostic test during the bovine TB control program was, 
with regard to the estimated test characteristics and agreements, appropriate and 
reasonable. However no prognoses could be made for the application of the 
Bovigam assay in future control programs as a new Bovigam® assay was 
developed during the last years (Anonymous, 2016a). For post mortem 
confirmation of bovine TB the culture is still an essential diagnostic tool with a 
high sensitivity and 100% specificity. As sensitivity and specificity depend on 
each other there has to be always a decision made between higher sensitivity or 
higher specificity for tests being used in a bovine TB control program. This has 
always to be evaluated with regard to contribution of stakeholders, compromise of 
10 VGH München, Beschluss v. 03.07.2014 – 20 CS 14.1032 
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OTF status, available tests and experience in test performance of the persons 
involved in the control program. 
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V. SUMMARY
The success of bovine TB control programs is important for international trade and 
public health. Since Germany reached the EU status OTF in 1996 bovine TB 
control was done at routine abattoir inspections. After the diagnosis of bovine TB 
positive cattle during such routine inspections, a one-time surveillance program 
was implemented in Germany with the intradermal tuberculin tests and the 
Bovigam® assay as premortal tests and necropsy, PCR and bacterial culture as 
postmortal tests. 
In this study first farm-animal practitioners' current knowledge on the execution of 
the intradermal tuberculin tests was reviewed with regard to literature and current 
legislation. A questionnaire was developed and send out to farm-animal 
practitioners. Additionally the current and previous versions of the corresponding 
legislations and related literature was reviewed. To standardize the execution of 
the intradermal tuberculin test a hand out was developed with the aim towards a 
more uniform approach. Second, the test characteristics of the diagnostic tests used 
within this bovine TB surveillance program were assessed with a latent class 
analysis used within a Bayesian approach.  
Predominantly the participating farm-animal practitioners' performed the 
intradermal tuberculin test with regard to the Commission Regulation (EC) no. 
1226/2002 of 8 July 2002 amending Annex B to Council Directive 64/432/EEC. 
However for the control of test results the least accordance existed. This was 
particularly monitored for farm-animal practitioners' that did not work in the 
Allgäu Region and were thus not severely affected with the control of bovine TB 
and regular performance of intradermal tuberculin testing. A more uniform 
approach in the execution and interpretation of the intradermal tuberculin test is 
desirable as uncertainties among the stakeholders might be removed. The guideline 
for the correct performance of the tuberculin skin test, which was designed during 
this study, might be supportive. 
The estimated test specificities ranged between 75.8% [68.8-82.2%] and 99.0% 
[96.8-100%] for the SICT test, SICCT test, PCR and necropsy. For the Bovigam® 
assay an extreme low specificity of 6.9% [3.6-11.1%] and the highest sensitivity of 
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95.7% [91.3-99.2%] were assessed. For the other tests the sensitivities ranged from 
57.8% [48.0-67.6%] to 88.9% [65.5-99.7%].  
Except of the specificity of the Bovigam® assay all estimated test results stand in 
line with already published data. Dependence of the sensitivity of the PCR and 
necropsy seems to be true for the estimates of the latent class analysis and can be 
justified as number and kind of examined lymph nodes and the occurrence of NVL 
in the examined cattle has an impact on the outcome of the PCR. The estimated 
low specificity of the Bovigam assay might be explained by several  factors 
affecting the host and the test itself. With regard to the fact that in the meantime a 
new Bovigam® assay was developed no conclusion can be made for the test 
accuracy in future control programs.  
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VI. ZUSAMMENFASSUNG
Die erfolgreiche Bekämpfung der Rindertuberkulose ist bedeutsam für den 
internationalen Handel und die öffentliche Gesundheit. Seitdem Deutschland, im 
Jahr 1996, den Status "amtlich frei von Tuberkulose" erreicht hat, dient die 
amtliche Fleischuntersuchung am Schlachthof zur Tuberkuloseprävention. Jedoch 
führte das wiederholte Auftreten von Tuberkulose positiven Tieren zu einer 
flächendeckende Tuberkulinisierung, mit dem Fokus auf den Regionen entlang der 
Alpenkette. Dabei wurden der Tuberkulin-Hauttest und der Bovigam® Test als 
Nachweis am lebenden Tier eingesetzt. Die pathologische Untersuchung, die PCR 
und die bakterielle Kultur dienten zum postmortalem Nachweis der Tuberkulose. 
In dieser Forschungsarbeit wurde das Wissen von Praktikern in Bezug auf die
Durchführung der Tuberkulin-Hauttests im Vergleich zur Literatur und der 
aktuellen Gesetzlage ermittelt. Zu diesem Zweck wurde ein Fragebogen entwickelt 
und an Praktiker verteilt. Ergänzend wurden aktuelle und frühere Versionen der 
entsprechenden Gesetzestexte sowie die zugehörige Literatur gesichtet. Um ein 
einheitlicheres Verfahren der Tuberkulinisierung zu erreichen wurde im Rahmen 
dieser Studie ein Leitfaden entwickelt. Außerdem wurden mit Hilfe einer latenten 
Klassenanalyse die Sensitivitäten und Spezifitäten der eingesetzten diagnostischen 
Verfahren ermittelt.  
Die innerhalb dieser Studie befragten Praktiker halten sich größtenteils, bei der 
Durchführung des Tuberkulin-Hauttest, an die Verordnung (EG) Nr. 1226/2002 
der Kommission vom 8.Juli 2002 zu Änderung von Anhang B der Richtlinie 
64/432/EWG. Jedoch weichen viele Praktiker bei der Kontrolle der Ergebnisse von 
den Vorgaben der Verordnung (EG) Nr. 1226/2002 ab. Insbesondere sind dies die 
Tierärzte, die nicht in der Region Allgäu arbeiten und somit in geringerem Maße 
von der Rindertuberkulose betroffen sind. Ein einheitliches Vorgehen bei der 
Durchführung und dem Ablesen der Ergebnisse ist jedoch wünschenswert, da 
dadurch Unsicherheiten bei den Interessenvertretern beseitigt werden könnten. Der 
Leitfaden, der während dieser Studie entworfen wurde, könnte dieses unterstützen. 
Die ermittelten Spezifitäten der eingesetzten diagnostischen Verfahren lagen 
zwischen 75.8% [68.8-82.2%] und 99.0% [96.8-100%] für den Intrakutan-
Monotest, den Intrakutan-Simultantest, die PCR und die pathologische 
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Untersuchung. Für den Bovigam® Test wurde eine extrem niedrige Spezifität von 
6.9% [3.6-11.1%] und die höchste Sensitivität von 95.7% [91.3-99.2%] 
ermittelt. Bei den übrigen diagnostischen Verfahren waren die ermittelten 
Sensitivitäten zwischen 57.8% [48.0-67.6%] und 88.9% [65.5-99.7%].  
Mit Ausnahme der Spezifität des Bovigam® Tests liegen alle ermittelten Werte im 
Bereich von schon publizierten Daten. Eine Abhängigkeit zwischen der 
Sensitivität von der PCR und der pathologischen Untersuchung konnte innerhalb 
dieser latenten Klassenanalyse ermittelt werden. Dies kann damit 
begründet werden, dass Anzahl und Art der untersuchten Lymphknoten und 
das Auftreten von nicht makroskopisch sichtbaren Veränderungen (non 
visible lesions) einen Einfluss auf das Ergebnis der PCR haben 
können. Die ermittelte niedrige Spezifität für den Bovigam® Test könnte an 
vielen Faktoren liegen, die den Test selber, oder das infizierte Tier betreffen. 
Da mittlerweile eine neue Version des Bovigam® Tests entwickelt wurde 
lässt sich keine Aussage darüber treffen, wie genau und fehlerfrei der 
Test in zukünftigen Kontrollprogrammen abschneiden würde. 
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